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ABSTRACT
A  strain analysis o f the foams used as cosmeses for artificial limbs 
was conducted. It was found that on flexion o f an artificial limb strain 
occurred in the knee region.The mechanical properties o f cosmeses 
materials suggested that the foams would not fail at the strain levels 
measured when undamaged. However, when the foam became cracked 
the properties o f the foams were reduced to a level that would make 
failure likely to occur when the cracks reached critical lengths.
The failure mechanism o f the foam coverings was established via the 
use o f a test rig, designed and built to simulate the interaction between 
the atificial limb patella piece and the foam. Foam samples were tested 
both with and without protective elastic netting. The primary cause o f 
failure was found to be wear induced cracking. It was recommended that 
the design o f the patella piece should be changed so as to be less 
damaging, and that netting should be used for all foams.
Silicone foam  materials were formulated and investigated for their 
suitability as a cosmesis foam. Silicone foam samples were tested on the 
fatigue test rig. Skinned silicone foams with netting had lifetimes three 
times that o f any cosmesis foam  tested in a condition currently used in 
production procedure, and 35% longer than any foam  tested in any 
condition.
It was found from leg measurement studies that there was a general 
leg shape for males and females. Details o f leg shapes were transferred 
to a C .A .D . system. A  match from  the C .A .D . system for a single 
amputee's lim b can be found. The accuracy o f matching is at worst 
5%.The current accuracy o f matching is generally 15%.
The information from  the C .A .D . system can be used either to 
produce moulds fo r a cosmesis m oulding system, or be used in 
conjunction with a C .N .C . lathe for the direct cutting o f cosmeses.
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C H A P T E R  O N E
1. IN T R O D U C T IO N
This report details the work done on a project involving the 
cosmetic coverings, (cosm eses), o f  above-knee artificial lim bs, 
(prostheses). The work done was carried out in conjunction with Vessa 
Ltd., a manufacturer o f artificial limbs, who also assemble limbs from  
components made by other companies.
Vessa Ltd. found that cosmesis failure has occurred at an 
unacceptably high incidence in the limbs that they make and assemble. 
However, the mechanism for failure, its possible relationship to type o f 
limb covered, and type o f materials used for covering were unknown.
The principle aims o f this project were to assess the major factors 
involved in the failure o f cosmeses, and to suggest alternatives either in 
design or in the materials used, or both, in order that cosmesis failure 
may be reduced significantly.
A t the present time all cosmeses are shaped individually, by hand, 
for each patient. This is a very labour intensive operation and gives rise 
to much material waste. Only three leg measurements are taken o f the 
patient, and these are insufficient in number to define leg shape. . 
Therefore, the size and shape o f the limb produced does not necessarily 
reflect the size and shape o f the remaining limb o f the amputee.
A  further aim is to investigate the possibilities o f producing 
cosmeses in a range o f pre-shaped standard sizes, and hence suggest 
alternative production procedures which would remove or reduce the 
need for individual shaping.
The report includes a summary o f the most commonly available 
above-knee prostheses and a description o f the common production 
methods used for their cosmetic coverings. Problems frequently
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encountered in production and the predominant modes o f failure found 
are also discussed. A lso  included in this report are a materials and 
strain analysis section, and the design and description o f a fatigue testing 
machine.
To evaluate the feasibility o f producing standard size cosmeses a 
leg measurement study was conducted and a leg modelling technique 
developed.
The references are generally quoted in this report as number 
references only. However, in a later section subject data is quoted with a 
number. Literature reviews were done for each chapter.
1.1 D E S C R IP T IO N  O F  G A IT
The performance o f an artificial leg cosmesis w ill be influenced 
by its operating conditions during walking. Therefore, a description o f 
gait is given in this section.
The walking cycle is generally described as alternating bipedalism  
with the right and left sides o f the body being in opposite phase to one 
another1’2. The movement o f the body segments are complex3*4*5. Each 
cycle may be described in terms o f forces and moments at the lower 
lim b joints6*7, and at the floor8*9, o f the main muscle actions during 
motion, or of the displacements, rotations, velocities, and accelerations 
10*11*12,13,14,15} 0f  the limb segments. Anatomically the lower limb is 
divided into three segments, thigh, shank, and foot. The thigh extends 
from the hip to the knee joint, the shank from the knee to the ankle 
joint,and the foot be low  the ankle, the foot is itself a composite 
articulated structure able to flex and adapt to load/function conditions.
The major events o f the normal walking cycle are shown in 
figures 1 and 2, and are described below . The exact position o f each 
event along the time axis varies with walking speed and with the subject.
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The walking cycle is divided into two main phases for each limb, the 
stance phase and the swing phase16>n >i8.
The stance phase occurs for about two thirds o f the stride19. It 
begins with the heel striking the ground which is followed by heel pivot, 
(the foot is pivoted from dorsiflexion to being flat on the ground), for 
10% o f the stride.
l e f t  s t a n c e
I e ft
s w i n g
l e f t  d o u b l e  
s t a n c e
h e e l  s t r i k e  t o e  o f f  r i g h t  s t e p
LEFT
F O O T
l e f t  s t e p
RIGHT
FOOT
r i g h t  d o u b l e  
s t a n c e
r i g h t  s t r i d e
time
>
Figure 1 M ajor events in the walking cycle19.
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During the roll-over period the centre o f gravity in the body rolls 
forward over the supporting leg. At about 28% o f the stride the toe o ff  
period o f the cycle begins. H a lf way through the stride the contralateral 
foot makes contact with the ground and there is a period o f double 
support time during which the body weight is partially transferred to 
the contralateral limb. Stance phase for the first foot ends at 66% o f the 
stride with toe off.
From 66% to 100% of the stride is the swing phase. The limb is 
not in contact with the ground and it swings through so as to be anterior 
to the bodies centre o f gravity. There is an initial period o f acceleration 
then, after mid sw ing, the lim b begins to decelerate before the 
subsequent heel strike.
/
s t a n c e p h a s e  s w i n g  p h a s e
V  \\
h e e l
p i v o t r o l l  o v e r
X  f l
d o u b l e
s u p p o r t
p u s h  o f f
h e e l
c o n t a c t
0
f o o t
f l a t
%
. . . . . . . . . .  . . . . . . . . . . . . . .  ■ "  . . . . . . . I P
h e e l  t o e  
^  o f f  0 f f  
0  0
I  I  I  I  I  I  I  I  I
0  1  0  2 0  3 0  4 0  5 0  6 0  7 0  8 0  9 0  1 0 0
%  o f  w a l k i n g  c y c l e
Figure 2 M ajor temporal events in the walking cycle20.
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The vertical and horizontal components o f the ground reaction force 
are shown in figure 3.
The vertical floor reaction is typically a two peaked curve for 
each foot, with the maximum force rising to 140% o f the subjects body  
weight. The shear reaction forces in the direction o f motion and in the 
opposite direction can reach about one quarter o f body weight but are 
typically 10% o f body weight. For the first part o f the stance phase they 
act in the forward direction o f motion, they act in the opposite direction 
o f motion when push o ff begins20.
P a g e  5
The duration o f one gait cycle for a normal subject walking at 
normal pace is typically 1.5 seconds per cycle. During this time the knee 
w ill go from fu ll extension to a maximum flexion, o f  around 54 
degrees, and then back to full extension again.
1.1.1 THE GAIT  OF AMPUTEES
Differences have been found in the gait cycle o f people with 
single above knee amputations, compared with normals2 b22*23. The gait 
cycle o f normal subjects tends to be fairly symmetrical between right 
and left legs. The gait cycle o f amputees is generally less symmetrical 
with the swing phase of the prosthetic leg being much longer, and stance 
phase much shorter, than that o f the anatomic limb24*25. The duration of 
the gait cycle is comparable to or slightly longer than the gait cycle o f 
non amputee subjects26*27.
The mean knee angle flexion o f the anatomic limb o f a single 
above knee amputee is generally comparable to the knee angle flexion of 
a non amputee subject. The knee angle flexion o f the prosthetic limb is 
generally about five degrees or so less than the anatomic limb27.
1.2 ABOVE KNEE PROSTHESES
Above-knee, (A K ),  prostheses can be divided into two main
categories, ecto-skeletal (figure 4 ), and endo-skeletal (figu re  5) 
\
prostheses.
1.2.1.EC TO -SK ELETA L  PROSTHESES
Each A K  prosthesis consists o f a stump socket, thigh, knee joint, 
and foot. The thigh and shin are made from aluminium spinnings. The 
stump socket is produced from flat aluminium sheet which is worked  
into the desired shape.
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The foot portion o f the prosthesis is made from either aluminium or 
from wood. Each leg incorporates a uniaxial knee and ankle mechanism, 
and is tailored to each patient. This type o f prosthesis has been largely 
superseded by endo-skeletal prostheses, h ow ever, in special 
circumstances a number are still made. The shin and thigh spinnings are 
shaped to give a cosmetic effect, and the prosthesis may also be painted.
Figure 4 Ecto-skeletal prosthesis Figure 5 Endo-skeletal prosthesis
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1 .2 .2  E N D Q - S K E L E T A L  P R O S T H E S E S
These are now the most commonly available type o f prostheses. 
Although several manufacturers produce these types o f limbs they are 
all similar in design concept, and in the cosmetic production method 
used to cover them. The major advantage o f the endo-skeletal prosthesis 
is that apart from the cosmeses and the stump sockets which are 
moulded for each patient, all other parts o f the leg can be constructed 
from standard components.
Each prosthesis consists typically o f a moulded polypropylene 
stump socket which is connected to a mechanical knee, which in turn is 
linked to an ankle mechanism and foot by a rigid tubular post.
The stump socket is made by vacuum forming a polypropylene 
injected moulded preform over a plaster mould o f the patients stump. 
The polypropylene is heated prior to forming in order to soften it 
sufficiently for processing. The forming process may be done either by  
hand, or by using a Rapidform  machine28-29. The majority o f stump 
sockets made at Vessa Ltd. are made by hand. This is claimed, by Vessa 
Ltd., to allow more control over the wall thickness o f the stump socket 
compared to the stump sockets made using the Rapidform machine. The 
stump mould is made from a negative plaster cast taken o f the patients 
stump30. Therefore, each socket is tailored to the individual patient.
The rigid tubular post is usually made from either carbon fibre 
composite, titanium alloy, or from aluminium alloy. The length o f the 
artificial limb is altered by varying the length o f post used.
1.2.3. THE KNEE AND KNEE M ECHANISM S
Although during normal walking the prosthetic limb knee flexion  
angle is only about 45 degrees, much larger knee angle flexions occur 
during specific activities. These activities cause movements o f  the
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cosmesis, especially in the knee area, hence large local strains are likely 
to occur in this area. The strain may also be combined with the action 
o f the knee mechanism pressing into the strained foam. This is likely to 
have an adverse affect on the life time o f the cosmesis and makes the 
knee area an area where failure is most likely to occur. Therefore, the 
design o f the knee mechanism may affect the amount o f strain that 
occurs, and how much damage occurs, if any, to the internal surface o f  
the cosmesis.
A  variety o f knee mechanisms can be used in prostheses. These 
may be uniaxial, (the position o f the axis o f rotation is constant), or 
polycentric, (the position o f the axis o f rotation varies). Devices to 
control the stance and swing phase characteristics o f the limb31*32’33 may 
also be incorporated in the construction o f the limb. Table 1 gives 
information on the most common types o f prostheses assembled at Vessa  
Ltd., and on the knee mechanisms that can be fitted to them.
Although many Roelite prostheses and M odu lar Assem bled  
prostheses have been assembled in the recent past, their current rate o f  
assembly is very low  as they have been largely superseded by the Ultra 
Roelite, V/lite, and Endolite prostheses.
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MANUFACTURING
COMPANY
PROSTHESIS
NAME
KNEE
JOINT
ANKLE
TYPE
POST
MATERIAL
Vessa V/l ite uniaxial
semi
automatic
uniaxial Titanium
Blatchfords Modular
Assembled
Prosthesis
uniaxial uniaxial carbon
fibre
coposite
Blatchfords Endolite uniaxial
stablised
m u Itif lex carbon
fibre
composite
Hangers Roelite 4 bar linkage 
or uniaxial 
semi
automatic
uniaxial aluminium
alloy
Hangers Ultra
Roelite
4 bar linkage 
or uniaxial 
semi
automatic
uniaxial carbon
f ibre
coposite
Table 1 Above knee endo skeletal prostheses.
N .B . It is noted that Hangers has now been rationalised and trades under 
its sister company's name Vessa Ltd..
1.3 COSMESIS PRODUCTION
The cosmesis is generally applied in two stages. Firstly a flexible 
precored foam leg, incorporating thigh and shin is pulled over the 
preconstructed leg. This extends from the top o f the foot, covering the 
ankle mechanism, (figure 6), to approximately 8 cm down from the top 
o f the stump socket.
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Figure 6 Foam covering for artificial limbs.
There the foam is attached to the stump socket by two strips o f 
velcro. One is fixed around the circumference o f the stump socket, 
which matches with another one which is glued to the internal surface of 
the foam. Prior to application a fine net is glued to the internal surface 
o f the precored foam leg, placed so that it covers the knee mechanism 
o f the leg when the foam is in place. It is claimed that this protects the 
foam from internal wear damage by the knee mechanism rubbing on the 
internal surface o f the foam  when the leg is flexed, however, no 
experimental work has been done to support this claim. The external 
foam  surface is then shaped to the desired leg form using a rotary 
sanding machine, (figure 7). This procedure takes approximately 10 
minutes.
P a g e  11
Figure 7 External sanding o f the cosmesis.
A  variation on the method described is used in the production o f 
the Endolite Prosthesis produced by Blatchfords. The difference here is 
that a rigid foam cylinder, (plastazote- polyethylene expanded with 
nitrogen), is placed around the upper foot and ankle area o f the 
prosthesis. This is done by vacuum formation, (figure 8) The plastazote 
is then ankle shaped approximately by shaving by hand, followed by 
smoothing and sanding, (figure 9).
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F ig u r e  9  S a n d in g  o f  a p la s ta z o te  a n k le  p ie c e .
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The flexible precored foam leg is then applied as described above, 
with the bottom o f the foam leg being glued to the top o f the plastazote 
ankle covering, (figure 10).
T w o  types o f flexible foam  are currently available to cover 
prostheses. The choice o f foam used has never been dependent on the 
mechanical properties o f the foams as the exact chemical composition of 
the two foams are unknown to Vessa Ltd. W hich  foam  is chosen 
depends on which propriety limb is being covered.
Figure 10 Foam and plastazote covering for artificial limbs.
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The foam used for the Endolite limb is precored and can be 
applied directly onto the prosthesis. The foam used for the Roelite limb 
is also precored, however, the internal bore is not sufficiently large for 
it to be applied directly onto the limb. Therefore, the internal bore has 
to be reshaped before it can be used to cover the prosthesis. This is 
usually done by using a rotating tubular wire brush to shape and expand 
the internal bore of the foam, (figure 11).
F ig u r e  11 fo a m  c o s m e s is  c o r in g  m a c h in e .
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Two possible outer coverings can then be used to cover the leg . 
One cover involves using a two stocking cover. Firstly a white 22 
denier nylon stocking is pulled over the leg, which is glued to the 
stump socket. This is then covered by a flesh coloured nylon stocking 
with an elasticated top which rests around the stump socket, the 
alternative method involves using a preshaped P.V.C. or silicone rubber 
stocking which is pulled over the leg so that it reaches the top of the 
stump socket where it is glued. The information on the detailed 
composition of the P.V.C. and silicone rubber stockings was given to 
Vessa Ltd. by the suppliers of the stockings. However, the composition 
has not been confirmed by Vessa Ltd.. Most of prostheses are covered 
with nylon stockings. The P.V.C. or silicone rubber stockings are only 
usually used for covering prostheses used by incontinent patients as this 
covering is waterproof.
1.4 C O S M E S IS  F A IL U R E
The modes of cosmesis failure suggested in this section are based 
on observations and experience of the failed limbs which have been 
returned to Vessa Ltd. All the information given in this section is from 
Vessa Ltd. Quantitative work on the exact cause and frequency of types 
of failure that occur has not been done by Vessa Ltd. No literature on 
cosmesis development, production or failure was found from two 
literature searches done with the aid of the computer linked literature 
search facility at the University o f Surrey. Hangers Ltd., (recently 
merged with by Vessa Ltd.), also had no literature on cosmesis failure.
It has generally been observed that the principal type of cosmesis 
failure found is at the front of the knee joint area. This was thought to 
be brought about by kneeling or maximum flexion of the knee. It was
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initially assumed that this causes the foam to fail predominantly in 
tension causing it to fracture at the knee, the fracture being 
perpendicular to the vertical axis o f the leg. W ear marks have been 
found on the internal surface o f the foam cosmesis. This material 
damage may also may also significantly influence cosmesis failure. The 
orientation of the wear marks is not known by Vessa Ltd..
The major disadvantage of the nylon stocking cover, compared to 
the P.V.C. or silicone rubber stocking cover is that it is not waterproof. 
The nylon covered foam can absorb moisture which could cause the 
foam to degrade and weaken hence making the foam more prone to 
failure.
Prostheses covered with a silicone rubber or P.V.C. stockings are 
waterproof. However, the stockings are still prone to fracture, in a 
similar pattern to the foam, at the knee joint area. Failure has also been 
found caused by abrasive wear especially around the ankle area where 
shoes rub against the stocking. During walking, repeated flexions of the 
knee cause the stockings to be placed under cyclic tensile forces. Due to 
the observed non ideally elastic behaviour of the stockings some 
permanent deformation may occur. Therefore, dimensional changes 
occur causing wrinkles to appear in the stockings.
The cyclic forces that act on the cosmesis during walking may 
give rise to fatigue damage of the foam and outer stocking.
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C H A P T E R  T W O
2. S T R A IN  A N A L Y S IS
When limbs are flexed there is strain o f the cosmesis at the front 
of the knee. This is brought about because the axis o f rotation of the 
knee is behind the patella piece and the cosmesis is fixed at both the 
ankle and the stump socket, (figure 12). This elongation is thought to 
play a significant role in cosmesis failure. Therefore, it was necessary to 
quantify the amount of strain that occurs in this area. Most cosmesis are 
put on by hand. It is probable that there will be variations in strain 
between coverings of the same limb type. Therefore the strain analysis 
done was intended to give a general picture of the strain distribution in 
a fully flexed limb and an overall idea of the material properties needed 
for a successful covering. REG(0N A
t— —-T
Figure 12 Elongation of the cosmesis during full flexion for a VAite 
limb with moving patella piece.
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2.1. EX PERIM ENTAL PROCEDURE
The local elongation distribution pattern was found for three 
foam cosmeses covering an Endolite limb, a V/lite limb, and Ultra 
Roelite limb. Both the Endolite limb and the V/lite limb incorporated 
uniaxial knee mechanisms. The V/lite limb also had a moving patella 
piece. The Ultra Roelite limb incorporated a 4 bar linkage polycentric 
knee. These are the three most common artificial limbs covered by 
Vessa Ltd.
The strain patterns were found with the limbs in maximum  
flexion. This was done by marking a 1cm square grid, (23 x 9 cm 
Endolite limb, 24 x l2  cm V/lite, Ultra Roelite, and re-covered Endolite 
limbs), on the front of the cosmesis when the limb was in zero flexion. 
The grids extended vertically from mid shin, below the patella piece, to 
upper thigh, above the patella piece. The limb was then fully flexed and 
the grid remeasured in this position. Therefore, a strain, and hence 
elongation, (elongation %  =  strain x 100), contour map was drawn 
relating elongation to location on the cosmesis surface. The grid was 
drawn with a 0.1mm diameter tipped pen, and the grid measurements 
made with vernier callipers. When the limb was in full flexion a 
minority part of the cosmesis surface measured was noticeably curved, 
( Region A  figure 12 -predominantly the portion in front o f the hinged 
knee joint). Therefore, the use of a vernier for measurement of these 
curved portions of the cosmesis would give rise to an error in the 
measurements. The amount of curvature that occurred was variable, as 
profiles o f elements of the mechanical structure of the limb could be 
seen pressing against the cosmesis. The radius o f curvature for the 
curved portions was found to be generally between 6.5cm and 7.5cm at 
a minimum. The measurements were taken over lengths ranging 
predominantly from 1cm-1.5cm. This would give rise to a systematic
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error at most around - 5%  for the areas that showed the most curvature. 
Due to the variable'nature of the curvature it would be very complex to 
incorporate compensation factors into the measurements taken.
The elongation measured for each limb type is produced by 
constant displacement. Therefore, how taut the cosmesis is initially 
placed onto the limb will not affect the elongation measured as the grid 
placed onto each limb at zero flexion normalised the strain to a zero 
value. The cosmeses are put on by hand, by many different operators. 
Therefore, it is most likely that there will be variations in the initial 
tautness of cosmeses.
The thickness of cosmeses used is not standard. Therefore, the 
thicker cosmeses would produce greater measured strains in the curved 
area o f the flexed limb as the radius of curvature in this area would be 
larger.
A  second surface elongation distribution pattern was found for 
the Endolite limb, (grid 26cm x 12cm), done in order to assess the 
consistency of covering of the limbs.
2.2 R E S U L T S
The results found for the Endolite limb, (figure 13), show that 
the maximum elongation occurred 30mm to 40mm directly above the 
patella piece, where two parallel bars from the internal mechanics of 
the limb could be sees pushing up against the internal cosmesis surface. 
These bars were attached to the bottom of the thigh post, and functioned 
as a guide for the patella piece when the limb is flexed. The maximum 
elongation That occurred in this area was 65 %  over an area of 
approximately 1cm square. From 65% to 35% elongation pattern 
appeared to be roughly symmetrical around the maximum area.
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However, below this value this distribution was not found to be 
symmetrical with the gradient o f elongation, distribution being more 
gentle in the lower shin area of the limb.
The patella piece could also be seen pushing up against the the 
internal surface of the cosmesis. This appeared to have a an effect on the 
distribution causing a V  shape in the distribution in the shin ,area, an 
effect which became less pronounced moving away from the patella 
piece, down the shin, towards the foot, (region A  figure 13).
The elongation distribution obtained from the V/lite limb, (figure 
14), shows that the maximum elongation that occurred was 50% over an 
area approximately 30mm long, and 3mm wide. This occurred in the 
region of the cosmesis where the top of the the shin post pressed against 
the internal surface of the cosmesis, when the limb was fully flexed. 
There was a large area, of about 9cm square, within the range of 45%- 
55% elongation. Around this area the elongation distribution was not 
symmetrical, with an area of elongation found extending from the 
region of the top of the shin post, towards the medial side of the limb. 
The patella piece also had an effect on the elongation distribution, this 
appeared to cause a U  shape in the distribution, (region B figure 14), 
below the patella piece which became less pronounced moving down the 
shin towards the foot.
The gradient of the elongation distribution in the upper thigh 
area and in the shin area appeared to be similar, with both regions 
experiencing the same levels of strain, at points equidistant from the 
area of maximum strain.
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Figure 13 Elongation distribution for an Endolite limb.
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Figure 14 Elongation distribution pattern for a V/lite limb.
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The elongation distribution pattern obtained from the Ultra 
Roelite limb, (figure 15), showed that the maximum elongation found 
was 40% over an area o f approximately 10cm square.This occurred in 
the region where the patella piece pressed against the internal surface of 
the cosmesis. The strain gradient around the patella piece was not 
symmetrical, with a larger strain gradient being found in the upper 
thigh region compared to the shin region. Just below the patella piece 
there was a large area o f about 20cm square with strain values between 
30% and 35%. The strain gradient between 30% and 5% in the shin 
area appeared to be fairly uniform. The patella piece had a marked 
effect on the strain distribution in the upper thigh region, causing a V  
shape in the distribution, (region C figure 15).
The strain distribution from the re-covered Endolite limb, (figure 
16), showed a maximum elongation o f 55%, 10% less than the 
maximum elongation found from the original elongation measurements. 
However there was still many similarities between the two 
distributions. Both the patella piece and the patella guider could be seen 
pushing up against the internal surface of the cosmesis. The maximum 
strain found, as before, occurred 30mm to 40mm above the patella 
piece. The strain gradient from 55% to 40% appeared to be roughly 
symmetrical around the maximum area of strain, however, below 40% 
the strain gradient was found to be more gentle in the shin area 
compared to the upper thigh area. This general pattern is very similar 
to the pattern of the first distribution. The V  shape found in the in the 
shin area of the first distribution, caused by the patella piece pushing up 
against the internal surface o f the cosmesis, is much less pronounced in 
the second distribution, (shown as region D figure 16).
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Figure 15 Elongation distribution for an Ultra Roelite limb.
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The V/lite, Endolite, and Ultra Roelite cosmeses are covered with 
a fine white 22 denier nylon stocking which is pulled over the cosmesis 
and glued to the stump socket. It was found after prelonged flexion that 
differential stretching occurred between the stocking and the cosmesis. 
This effect was found in all limbs to be most evident in the area of the 
lower shin, with up to 40% differential stretching.
2.3. S T R A IN  A N A L Y S IS  D IS C U S S IO N
For the V/lite limb, the Ultra Roelite limb, and the Endolite limb, 
the maximum strain found, and strain gradients were in the knee region. 
The maximum measured was 65% in the Endolite limb. If cosmesis 
foams became damaged in this area then the large strain and, strain 
gradients, measured would tend to premote crack growth.
During walking the foam will be subjected to repeated extensions. 
Therefore, a further factor that may contribute to cosmesis failure is 
fatigue. It is most important to assess the fatigue properties of the 
foams.
The maximum elongation that occurred in all the limbs was 
where the knee mechanics of the limb, on flexion, pressed against the 
internal surface of the cosmesis. This had a significant effect on the 
elongation distribution. Given that most failures are in the knee area this 
suggests that internal wear, and the location of prominent mechanical 
features may contribute to cosmesis failure.
The elongation found in the knee area, and generally, was found 
to be much less for the V/lite limb compared to the Endolite limb. The 
V/lite limb had less severe strain above and below the the knee area. 
Both limbs have a uniaxial knee mechanism, however, the V/lite limb 
incorporates in its design a moving patella piece which is claimed to
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reduce elongation in the knee area. These results suggest that with 
respect to elongation, the moving patella piece had a beneficial effect.
The Ultra Roelite limb showed the least amount of elongation on 
full flexion, at the knee and generally, of all the limbs tested. The Ultra 
Rolite limb was the only limb that incorporated a polycentric knee 
mechanism. The results suggest that a polycentric knee mechanism may 
give rise to less local elongation than a uniaxial knee mechanism.
The elongation distribution pattern measured for the re-covered 
Endolite limb, compared to the original distribution, was found to give 
lower strain readings. The general appearance of the distribution was 
similar to the first. As the limbs are covered by hand it is inevitable that 
there will be variations between the cosmeses applied. The elongation 
produced is primarily dependent on the standard knee mechanics used 
for each limb. Due to the hinged nature o f the knee mechanisms a 
constant displacement is produced on maximum flexion at the front of 
the knee for each limb type, (as shown in figure 12). However, there is 
no control over the thickness of the cosmeses used and this give rise to 
variations in the radius o f curvature produced around die hinge o f the 
knee mechanism. Therefore, it is difficult to obtain an absolute value 
for strain that occurs in any type o f limb on flexion.
The effect of differential stretching between covering layers is 
probably not a significant effect with respect to cosmesis failure when 
the cosmeses are covered with nylon stockings , as the stockings are 
light and elastic and do not add strength to the cosmesis as a whole. 
However, if this effect is present when a synthetic skin sleeves are used, 
then due to their much higher strength and lower elasticity, this may 
have a significant effect on cosmesis failure. At the present time only a 
very limited number o f cosmeses are covered with synthetic skin
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C H A P T E R  T H R E E
3. M A T E R IA L S  A N A L Y S IS
The chemical composition and mechanical properties of the foam, 
and waterproof stockings, used in the the cosmetic covering of artificial 
limbs were unknown to Vessa Ltd. Vessa Ltd. were also unable to obtain 
information on the composition and properties of the cosmesis materials. 
Therefore, materials analysis and mechanical testing was carried out. 
The foam tests selected below were found to be from the literature 
generally the most common tests for characterising flexible foams. 
Although only two types of foam are used as cosmetic covers three types 
of foam were analysed. This was done as the foam used to cover the 
Endolite limb was replaced, during the study time by the manufacturing 
company, with a foam claimed to have superior properties.
3.1 F O A M  A N A L Y S IS
3.2 E X P E R IM E N T A L  P R O C E D U R E
3.2.1 D E N S IT Y
The densities of the two types o f foam currently used in cosmetic 
covering, and the foam previously used to cover the Endolite limb were 
found (BS 4443)34. A  cubic sample o f each type of foam was cut from a 
suitable cosmesis. The sample volume was approximately 100cm square 
and was accurately measured using a vernier caliper. The samples were 
then weighed, (±0.0 lg ), and hence the density was calculated.
3.2.2 T E N S IL E  T E ST S
Parallel sided specimens of foam were cut from cosmeses of all 
three types o f foam and mechanically tensile tested at a strain rate of 
50mm/min (BS 4443).
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Surface damage caused by the knee mechanism rubbing on the 
internal surface of the foams has been observed by Vessa Ltd. in used 
cosmeses. Surface damage may adversely affect the mechanical 
properties o f the foams. Therefore the tensile tests were carried out on 
samples of all types of foam with cracks cut in them, perpendicular to 
the axis of tension, in order to assess the crack sensitivity of the foams, 
(there is no British standard for crack tests on foams). These type of 
samples are called edge notch samples, shown in figure 17. The samples 
are used to find a material constant the critical stress intensity factor, 
(K i c  - also known as the fracture toughness), for materials which are 
linear elastic right up to failure. Materials which have a constant K i c  
are said to follow linear elastic fracture mechanics
sample width "B"
Figure 17 An edge notch sample.
If the foam materials tested follow linear elastic fracture mechanics 
then failure is dependent on the crack/sample width "B ", the crack 
length "a", and the sample depth "W ".
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For edge notch specimens tested in tension, (mode I)
K lC  =  Y  x applied stress x square root of the crack length Ma" 35 
K i c  =  Y  x 6 x Va 
Y  is a constant and depends upon the ratio of a/W.
Even if the foam materials tested did not follow linear elastic 
fracture mechanics it would still be likely that the load and strain at 
failure will be influenced by the same factors.
In order to assess the effect o f "B " samples with 5mm cracks cut 
into them, with the same sample depth, (consequently the same a/W), 
were tensile tested. The dimensions of the samples were 15mm x 20mm, 
20mm x 20mm, and 25mm x 20mm.
In order to assess the influence o f crack depth on failure samples 
25mm wide, "w " , were tensile tested with progressively larger cracks 
cut into them until 65% strain, (the maximum measured from the strain 
analysis), caused failure to occur. 25mm is comparable to the foam 
thickness found in the knee area o f cosmeses.
3.2.3. O P T IC A L  E X A M IN A T IO N  O F  C E L L  S T R U C T U R E
A  small piece of each type of foam was taken and each was placed 
in a small cubic mould filled with molten wax. The wax was allowed to 
cool. The three solid wax pieces were then stuck to wooden blocks. The 
wooden blocks with samples were then mounted in a microtome, and 
thin layers of wax with foam samples embedded in them were shaved 
off. The thickness o f the layers taken o ff was less than one foam cell 
thick. The thin samples were then mounted on glass slides and immersed 
in inhibisol for 15 minutes in order to dissolve away the wax portion of 
the sample leaving only the foam. The foam sample was then viewed 
under the optical microscope.
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A  foam is considered to be composed o f voids with binding 
interfaces. The interfaces consist o f base polymer. The face plates are of 
thickness "t", and side length T \  (figure 18)
If these voids or cells are interconnected, the material is termed 
open-celled. If the cells are discrete and the gas phase o f each is 
independent of that of the other cells, the material is closed-cell36-
Figure 18 Geometry of cells in low density foams
Samples of each type of foam were viewed under the optical 
microscope, measurements o f " f  and "1" carried out, and general 
observations made.
3.2.4 ID E N T IF IC A T IO N  O F  T H E  F O A M S  B Y  IN F R A R E D  
S P E C T R O S C O P Y
The identification o f the three foams by infrared spectroscopy37 
was done.
One o f the foams was identified as being one of two possible 
compounds, one o f which contained carbon-carbon double bonds.
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Therefore, a portion of the foam was brominated and further spectrum 
taken in order to see if predictable changes occurred in the spectrum38 
indicating that a carbon carbon double bond was present.
The bromination was performed by first placing 3ml of liquid 
bromine in to a sealed glass container and allowing it to evaporate. The 
container was then opened and a piece of foam, approximately 10cm3, 
was placed in the container which was then resealed. The foam was then 
allowed to stand in the bromine vapour for two hours, in order that full 
bromination could take place. The experimental procedure described 
was conducted using a fume cupboard. The foam sample was then 
removed and washed in methanol. A  further spectrum was then taken.
3.3. S Y N T H E T IC  S K IN  S L E E V E S  A N A L Y S IS
3.4 E X P E R IM E N T A L  P R O C E D U R E
3.4.1. T E N S IL E  T E S T
Two types o f synthetic skin sleeves are used as cosmetic 
coverings. One was thought to be made from a poly vinyl chloride, 
(P .V .C .), based polymer, and the other was thought to be made from 
reinforced silicone rubber.
Parallel sided test specimens were cut from each type of sleeve. 
The thickness of the two sleeves was 0.41mm, and 0.29mm, for the 
P.V .C . and silicone sleeves respectively. The specimens were then 
mechanically tensile tested. Edge notch samples with 0.5cm deep cracks 
were also tested in order to assess the crack resistance of the materials.
3.4.2. O P T IC A L  E X A M IN A T IO N
Samples of the two types of sleeves were examined under the 
optical microscope.
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3.4.3. ID E N T IF IC A T IO N  O F  S L E E V E S  B Y  IN F R A R E D  
S P E C T R O S C O P Y
Samples of the two types of sleeves were taken and a fourier 
transform total internal reflection infrared analysis39 carried out.
3.4.4. E L E C T R O N  P R O B E  M IC R O  A N A L Y S IS  (E .P .M .A .)
A  sample of the sleeve thought to be P.V.C. was viewed under a 
scanning electron microscope. The sample was seen to consist o f a 
polymer matrix, with short clear fibres embedded in it. An electron 
probe micro analysis40*41 was done on both the polymer portion of the 
sample, and on the short clear fibres present in the material, a low  
elemental analysis of the fibres was also done using E.P.M.A..
3.5. R E S U L T S
3.6. F O A M  A N A L Y S IS
3.6.1 D E N S IT Y
One of the two foams currently used as cosmesis material was 
found to have a density of 34.2 kg/m^ +5%, and the other 38.6 kg/m^ 
+5%. The foam previously used to cover The Endolite limb had a 
density of 27.6 kg/m^ +5%. The three foams will from now on be 
referred to in the text as the high., medium, and low density foams in 
descending order of their densities.
3.6.2. T E N S IL E  T E S T S
The results give tensile strength, (T.S.), and elongation at failure 
of the specimens.
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The general shape o f the stress strain curve for the standard 
tensile test foam samples without cracks is shown in figure 19.
s ti
Figure 19 Stress strain curve for urethane foams.
The stress strain curve for all the urethane foams was found to be 
split into two regions. The first region, (region A  figure 19), from zero 
strain to between thirty and fifty percent strain, appeared linear elastic 
and is due to cell edge bending and cell rotation towards the tensile 
axis42. A  Youngs modulus can be given for this region (E * ). This is 
followed by a near linear elastic region of lower compliance which 
continues to failure. This region, (region B figure 19), is governed by 
cell wall stretching43. A  Youngs modulus can not be given for this 
region as the stress strain relationship is not linear.
The mean values o f strengths and elongations are given with a 
confidence of approximately plus or minus approximately two percent 
at the 95% confidence level.
/
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The results o f the tensile tests, (table 2), show that the lowest 
density foam had an tensile strength, (T.S.), o f about half that o f the 
highest density foam, and about 20% less than the medium density foam.
The elongation at failure of the lowest density foam was only two 
fifths of the value o f the highest density foam and about 95% of that of 
the medium density foam.
HIGH
DENSITY
FOAM
MEDIUM
DENSITY
FOAM
LOW
DENSITY
FOAM
TENSILE N/mm 2 
STRENGTH- T.S. 0.18 0.16 0.09
ELONGATION 
AT FAILURE
507% 216% 228%
YOUNGS N/mm2 
MODULUS *
0.034 0.080 0.052
Table 2 Tensile strength, ( T.S.- N/mrn^), and elongation at failure 
values for cosmesis foams.
HIGH DENSITY 
FOAM
MEDIUM DENSITY 
FOAM
LOW DENSITY 
FOAM
CROSS
SECTION
6 f
N/mm 2
ELONG. AT 
FAILURE 6 f 2 N/mnnr
ELONG. AT 
FAILURE
6 f
N /m m 2
ELONG. AT 
FAILURE
15x20mm 0.093 1 2 1 % 0.081 92% 0.063 70%
2 0 x2 0 mm 0.089 1 2 0 % 0.088 94% 0.062 70% '
25x20mm 0.084 124% 0.083 96% 0.064 75%
Table 3 Elongation at failure and fracture strength cracked samples, 
(with constant crack depth), of cosmesis foam.
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The fracture strength o f the 5mm cracked high density, and 
medium, density foam, (table 3), dropped to one half o f its uncracked 
value. The fracture strength of the low density foam dropped to two 
thirds of its original value. Although the fracture strength for the high 
density foam decreased by a greater percent than the low density foam, 
the strength of the high density foam was still fifty percent stronger 
than the low density foam. The fracture given are the maximum force 
divided by the remaining area of the samples after cracking. This was 
done to demonstrate that the material remaining in the cross section 
after cracking failed at lower strengths than the uncracked material of 
the standard tensile tests. Therefore, it can be concluded that the cracks 
act as stress raisers, and the lower strengths found are not due to a 
simple reduction in area.
It was observed that all the fracture surfaces for all the specimens 
tested ran perpendicular to the axis of tension with no evidence o f shear.
The elongation at failure o f the cracked low  density foam  
decreased to one third of its uncracked value. The elongation at failure 
of the cracked medium density foam dropped to about 40% of its 
uncracked value. The elongation at failure of the cracked high density 
foam decreased to two fifths of its original value, however, the cracked 
high density foam still had a greater elongation at failure than either the 
cracked low, or medium, density foams.
The results of the tensile tests done on samples 25mm in width 
with progressively larger cracks cut into them are shown in table 4. 
Only high and medium density foam was tested in this manner, as at the 
time of testing, no low density foam, (which has been superseded by the 
medium density foam), was available. The strengths given are the 
force at failure divided by the total cross sectional area.
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It was found that for failure to occur at 65% strain the crack had 
to be 22mm deep for the high density foam, and 16mm deep for the 
medium density foam.
The stress strain curves for the cracked specimens o f both types of 
foam were found to be nearly linear elastic right up to failure. The change 
in modulus between cell wall bending and cell wall stretching was much 
less pronounced compared to the parallel sided specimens.
HIGH DENSITY FOAM MEDIUM DENSITY FOAM
CRACK
LENGTH
1 mm 
2 mm
3mm
5mm
7mm 
8 mm 
1 Omm
1 1  mm
14mm
1 5mm
1 6 mm
1 8 mm
2 0 mm
2 2 mm
ELONG. AT 
FAILURE/%
307%
208%
141%
124%
123% 
119%
118%
95%
83%
79%
67%
67%
6 f  2 h/mrrr
0.096
0.084
0.071
0.065
0.054
0.051
0.051
0.048
0.041
0.040
0.034
0.033
ELONG. AT 
FAILURE/%
201%
151%
123%
105%
95%
69%
69%
65%
f 2 N/m m ^
0.14
0.09
0.061
0.055
0.052
0.042
0.042
0.036
Table 4 Tensile test results for cracked specimens.
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However, calculations of the critical stress intensity factor, (K ic )>  from 
the data did not find K \ q  to be a constant with values varying by a 
factor of ten over the full range o f crack lengths. Therefore,the foams 
did not follow linear elastic fracture mechanics for the full range of 
crack lengths.
Although the foam did not fo llow  linear elastic fracture 
mechanics it was found empirically that there was a straight line 
relationship for both foams of log crack length against log stress and/or 
strain, (graphs 1 to 4).
Graph 1 Log crack length against log elongation/% for high density 
foam.
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Graph 2 Log crack length against log fracture strength for high density 
foam.
Graph 3 Log crack length against log elongation/% for medium density 
foam.
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Graph 4 Log crack length against log tensile strength for medium 
density foam.
The log-log relationships found suggests that for the high density 
foam, (samples with W  =  25mm)
fracture strength = 0.104 x crack length (a) -0.336
6f = 0.104 xa-0-34
and
Elongation at failure = 275.38 x crack length (a) -0.436
El/% =  275 x a-0-44
Similarly for the medium density foam
6f = 0.129 xa-0-41
and
El/% =  2 x a-0-37
3.6.3 O P T IC A L  E X A M IN A T IO N  O F  C E L L  S T R U C T U R E
General examination o f the foam under the optical microscope 
showed that all the foams were open cell foams. Photographs of each 
foam were taken and these are shown in figure 20,21, and 22.
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Figure 21 Medium density foam. M agnifica tion  xl lO
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Figure 22 High density foam. M agnifica tion  x228
RHOMBIC TETRAKAI -
DODECAHEDRA DECHEDRA
"t" /mm "l" /mm
t2
2.87 x l 2 o cn X
P *
"pT
HIGH DENSITY 
FOAM
0.014
(0-0011)
0.17
(0-012)
0.020 0.032
MED. DENSITY 
FOAM
0.089
(00074)
0.44
(0038)
0.033 0.029
LOW DENSITY 
FOAM 0.020(0-0016)
0.25
(0020)
0.018 0.023
Ps = density of solid polymer approx. 1200 kg/ m p *=  density of foam 
standard deviation!)
Table 5 Cell length and cell wall thickness measurements for cosmesis 
foams.
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The results o f the measurements taken of cell wall thickness,"t", 
and cell length,"I", for the three cosmesis foams is shown in table 5. It 
was found that the medium density foam had a cell wall thickness 
roughly five times the value of the high density foam, and four times 
that of the low density foam. The average cell length o f the medium 
density foam was approximately three times greater than that of the 
high density foam, and two times greater than the low density foam.
Urethane foams typically consist of dodecahedral voids with 
binding pentagonal interfaces44’45*46 of the voids composed of base 
polymer. The pentagonal plates are of thickness "t", and wall length "1". 
The general structure and appearance of the foams examined were 
found to be very similar to that of open cell urethane foam.
It has been found47 that for foams with similar geometry that 
there is an approximate relationship between the relative density, 
(P*/Ps), "t" and 'T
For rhombic dodecahedra
2.87 t2 /12 =  p*/ps
For tetrakaidecahedra
1 .0 6 t2 / l2 =  p*/ps 
It was found that the high and low density foams tended to agree 
with the rhombic dodecahedra geometry and the medium density foam 
tended to agree with the tetrakaihedra geometry.
The geometry of all the foams is consistent with that expected for 
urethane foams.
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3.6.4 ID ENTIFICATION  BY INFRARED SPECTROSCOPY
The low density foam was found to be poly(ether urethane urea), 
based on the reaction o f a po lpropyleneglyco l with 2,4 
to luened iisocyanate48*49. Polyurethane foams made using 2,4 
toluenediisocyanate are known as T.D.X. polyurethane foams49.
The medium density foam was found to be poly ( N -  
Methylurethane) arom atic^l, formed from the polycondensation 
reaction of a bis-chloroformate of a diphenol with a diamine52.
The high density foam was found to be either poly(esterurethane), 
commercial name "poly urethane R 53"53*54 , or a polyurethane 
polybutadiene block copolymer55*56, commercial name " polyurethane 
E N -7 ". The poly(esterurethane) foam  is made using 4,4- 
diphenolmethane diisocyanate. Polyurethane foams made using 4,4- 
diphenolmethane diisocyanate.are known as M .D .I. foams57. The 
polyurethane portion o f the polyurethane polybutadiene block  
copolymer was made with 2,4 toluenediisocyanate.
Polybutadiene contains a carbon-carbon double bond. Therefore, 
if the foam was an expanded copolymer o f polyurethane and 
polybutadiene then on bromination the bromine would react with the 
double bond:-
-C =C - +  Br2 — > -CBr-CBr- 
Therefore, the infrared spectra taken before and after 
bromination would show missing absorbence peaks, as the carbon- 
carbon double bond is no longer present, and extra absorbance peaks 
due to the carbon bromine bonds newly formed.
If the foam contained polybutadiene then the absorbance 
peaks that should be missing are between 2930-3110 (strong peak), 
1630-1700 (medium strength peak), 1270-1320 (weak peak), and 935-
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995 (weak peak), wave numbers. The additional peaks that should be 
observed are between 630- 680, and 575- 650 wave numbers.
The spectra produced from the brominated high density 
polyurethane differed from the spectra produced by the unbrominated 
high density foam. Seven absorbence peaks were missing in the 
brominated spectra at, 2928, 1487, 1287, 1286, 845, 706, and 692 wave 
numbers. Four extra peaks were observed at 1223, 893 812 and 655 
wave numbers.
The missing peaks at 2928, 1287 and 1266 wave numbers match 
with the predicted missing peaks. However, no peak was missing 
between 935 and 995 wave numbers, and extra peaks were missing at 
1223, 893, and 812 wave numbers.
The results therefore suggest that the foam does not contain 
polybutadiene as the results did not clearly show a breaking o f the 
carbon-carbon double bond. Therefore, the high density foam is 
poly(esterurethane).
3.7. S Y N T H H E T IC  S K IN  A N A L Y S IS
3.7.1 T E N S IL E  T E S T S
The tensile tests results on the standard test specimens and the cut 
test specimens are shown in table 6. The P.V.C. specimens had a T.S. 
roughly twice that of the silicone specimens, and an elongation at failure 
of approximately two thirds of the value of the silicone specimens.
The results o f the cut specimens show that the silicone samples 
have a better tear resistance than the P.V.C. samples as the silicone 
samples had a smaller percentage decrease in strength, and a similar 
percentage decrease in elongation at failure than the P.V.C. samples.
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P.V.C.
STANDARD
P.V.C.
CUT
SILICONE
STANDARD
SILICONE
CUT
T.S.
N/m m 2
9.39 5.0 4.09 5.1
ELONGATION
% 71 42 110 70
Table 6 Tensile test results for the synthetic skin sleeves.
3.7.2. O P T I C A L  E X A M I N A T I O N
It was found that the sample thought to be P.V.C. consisted of a 
base polymer impregnated with short clear fibres, (figure 23).
The sample thought to be reinforced silicone rubber was found 
to consist of a fine elastic net impregnated with polymer.
%
Figure 23 polymer impregnated with short clear fibres.
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3.7.3. ID E N T IF IC A T IO N  OF  THE S Y N T H E T IC  S K I N
SLEEVES BY INFRARED SPECTROSCOPY
It was found from the spectra that the sample thought to be 
P.V.C. consisted of an alkyl chain with alternating halogen substitution.
The spectra of the sample thought to be silicone rubber showed 
that the sample was dimethyl polysiloxane58-59.
3.7.4. E L E C T R O N  P R O B E  M IC R O  A N A L Y S IS
It was found, (figure 24), that the polymer portion of the sample 
thought to be P.V.C. contained a significant amount of chlorine.
Figure 24 E.P.M .A. standard scan o f polymer portion thought to be 
P.V.C.
A  small amount o f silicon was also present. A  carbon peak was not 
found in the results due to the fact that carbon has a low atomic number 
and can not be analysed using a standard scan. A  low elemental analysis
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for carbon would not yield satisfactory results as the specimen is carbon 
coated prior to testing, in order to make the sample conducting. 
Therefore, the coating itself would produce a large carbon peak, 
however, due to the obvious polymeric nature of the material it can be 
assumed that the remainder of the material is predominantly carbon.
The analysis of the fibres, (figure 25), showed a large silicon 
elemental peak, a small amount of chlorine was also present.
The low elemental analysis of the fibres, (figure 26), showed an 
oxygen peak. The large carbon peak found was due to the carbon 
coating placed on the specimen prior to testing.
Figure 25 E.P.M .A. standard scan o f fibres in sleeve thought to be 
P.V.C.
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3.8. D IS C U S S IO N
3.8.1. M A T E R IA L S  A N A L Y S IS  D IS C U S S IO N
With respect to the tensile tests done on the uncracked tensile test 
specimens; the high density foam had superior tensile strength and 
elongation at failure, compared to the medium and low density foams. 
The high density foam also had the lowest modulus. Therefore, for a 
given strain lower stresses would be produced by the high density foam 
compared to the low or medium density foam.
The medium density foam which superseded the low density foam 
as a cover for the Endolite limb showed no great improvement in 
mechanical properties compared to the low density foam.
The maximum strain measured from a flexed limb in the strain 
analysis section was 65%. None o f the foams in the standard condition 
would fail via strain/load mechanism at 65% strain. The results suggest 
that the high density foam is the most suitable o f the three foams for use
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as cosmesis material, however, these results do not take in to account the 
fatigue and wear properties of the foams.
The tensile tests done on the cracked specimens, (constant crack 
depth 5mm), showed that the high density foam is much more crack 
sensitive compared to either the medium or low  density foams, 
however, the high density foams still had a greater elongation at failure 
compared to the other two foams. The reduction in elongation at failure 
to about 70% for the low density foam, and about 90% for the medium 
density foam, is particularly significant as it reduces the elongation at 
failure to between 5% and 25% above the maximum elongation found 
for the Endolite limb. This is an unacceptably low value.
If the medium density foam, or the low density foam is used for 
covering limbs and it then becomes cut, or damaged, on flexion of the 
limb failure is likely to occur as the materials will be operating at the 
upper limits of its mechanical properties, especially if used to cover the 
Endolite limbs. Cosmesis damage is likely to occur as it has been 
observed by Vessa Ltd. in used cosmeses. The damage was found mostly 
at the knee area, caused by the knee mechanics rubbing against the 
internal surface of the cosmesis foam, this damage coincides with the 
area o f maximum elongation found in the elongation distribution 
patterns, and is the most undesirable area for damage to occur. This 
suggests that a possible cause of cosmesis failure in the knee area is by 
the combination of strain and materials damage. Fatigue factors may 
also cause or contribute to cosmesis failure. The tensile test results 
suggest that the damage of the foam would have to be quite extensive 
before the foams would fail under the load/strain conditions found in 
the knee area of limbs.
The elongation at failure for the cracked foam specimens did not 
decrease with crack width. Although the stress/strain response was
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found to be near linear elastic this behaviour is unlike the behaviour of 
cracked specimens which follow linear-elastic fracture mechanics. 
Materials that follow linear-elastic fracture mechanics give a decrease in 
elongation at failure with increasing crack width60’61, for samples with 
the same crack length to sample depth, ("W "), ratio.
Linear-elastic rigid foams have been found to follow  linear- 
elastic fracture mechanics with expressions for the fracture toughness of 
the material being described in terms of fracture strength of the cell 
walls and relative density62’63-64’65’66 ,( relative density =  density of the 
foam divided by the density of the solid material). Expressions for a 
constant fracture toughness, (K ic ) ,  could not be found for the cosmesis 
foams from the tensile tests carried out on specimens with a range of 
crack depths. The cosmesis foams do not follow linear-elastic fracture 
mechanics.
For linear elastic fracture mechanics to hold a region of plane 
strain must develop in an edge notch specimen along the main body of 
the crack. The flexible foams tested did not achieve this condition.
For an edge notch specimen in tension the stress at the crack tip 
is much greater than the stress applied to the material. The crack has 
the effect of concentrating the applied stress. The stress concentration 
along the crack tip for specimens which follow linear-elastic fracture 
mechanics this is a dumbell shape, (figure 27).
The stress at the edges of the crack is greater than the stress along the 
main body o f the crack. This is due to the crack edges being 
unrestrained. The dumbell portions are a mixture o f plane stress and 
plane strain, (regions A  and B figure 27), separated by a region of plane 
strain, (region C Figure 27).
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applied stress
applied stress
Figure 27 Stress concentration in cracked tensile test specimen.
The closer you approach the crack tip the higher the local stress 
becomes, (figure 28), until at some distance ry from the tip of the crack 
the stress reaches the yield stress of the material, cfy. This causes plastic 
flow  in linear-elastic specimens, which has the effect of absorbing 
energy, and transmitting stress away from the crack tip decreasing the 
local stress in this area67 . Plastic flow is a high energy process.
When the the crack width is narrow failure is dominated by the 
stress at the crack edges, a mixture o f plane stress and plane strain, 
which has an effect along the whole body of the crack. As the crack 
width broadens then the stress concentration at the crack edges does not 
influence the stress along the main body o f the crack and the two
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dumbell regions are separated by a region o f plane strain. Due to 
energy considerations specimens will fail preferentially in the region of 
plane strain68-
Flexible urethane foams are highly elastic materials. They can 
transmit stress comparatively easily away from the crack tip via cell 
wall bending and stretching. This means that the dumbell portions of the 
stress concentration at the unrestrained crack edges has a much larger 
effect in urethane foams than in linear-elastic specimens, and the 
dumbell portions dominate along the whole body o f the crack. A  
region o f plane strain will not develop along the main body of the 
crack, (unless the crack width is very broad). Therefore, plane strain 
does not influence failure. Consequently, flexible urethane foams are 
much less sensitive to differences in the crack width of specimens, and 
decreasing elongation at failure with increasing crack width was not 
observed.
local stress
Figure 28 stress concentration distribution in cracked specimens.
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It follows that if the foams tested are used as cosmesis material 
and then become cracked or damaged, the reduction in mechanical 
properties, (for any given crack depth), of each foam in the damaged 
area would be very similar irrespective of the severity of the crack with 
respect to its width. This strongly suggests that a cosmesis which has 
been damaged is just as prone to fail via a cracking mechanism 
regardless wether the crack is broad or narrow. The reduction in 
properties of the foams would be primarily dependent on the crack 
depth.
The linear-elastic relationship suggests that failure is related to 
the square root of the crack length , (a 1/2). The empirical relationships, 
found from the plots of log elongation/strain at failure against log crack 
length, suggested that for the cosmesis foams failure was related to 
a0.33-0.44
The low density foam was found to be poly (ether urethane urea), 
a T.D.I. foam. T.D.I. foams, by volume are the most common foams 
made69 They are usually made to make low density flexible foams used 
mostly as seating material70. Therefore, T.D.I. foams are generally 
selected for their compression properties and not for their properties in 
tension.
The medium density foam was found to be a standard urethane, 
Poly(N-methylurethane), which in common with the low density foam 
does not appear to be suitable for use as a cosmesis material.
The high density foam was found to be either expanded 
poly(esterurethane), or an expanded block copolymer o f polyurethane 
and polybutadiene. The spectrum taken after bromination suggested that 
the foam was poly(esterurethane). This claim was later supported by a 
supplier of urethane foam71, and by work done for Vessa Ltd. on the 
foam with respect to flame resistance72*73.
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3.8.2. S Y N T H E T IC  S K IN  S L E E V E S  A N A L Y S I S
D IS C U S S IO N
The tensile test results for the synthetic skin sleeves show that the 
P.V.C. standard specimens had a low elongation at failure compared to 
the silicone specimens, with an average elongation of 71%. When the 
specimens were cut the average elongation at failure dropped to 42%. 
Measurement of elongation from an Endolite limb gave a maximum 
elongation of 65%. Therefore, a limb covered with the P.V.C. would 
probably fail after a short period o f time as the material would be 
operating at the upper limits of its mechanical properties even if the 
sleeve was undamaged. If the sleeve became damaged in the knee are the 
sleeve would most likely fail immediately. These predictions agree with 
the observations of failures given by Vessa Ltd., (section 1.4.). The 
elongation at failure o f the silicone standard specimens was found to be 
sufficiently high to make it unlikely that an elongation of 65% would 
cause immediate failure. The results from the tensile tests done on the 
cut specimens reduced the elongation at failure of the material to 70% 
which is an unacceptably low value.
Comparing the mechanical properties of the two sleeves with that 
of commonly available elastomers, the mechanical properties of the 
sleeves were found to be generally low74, Natural rubber and Neoprene 
both have tensile strengths o f about 30 N/mm^, compare to 9N/mm2, 
and 5N/mm2 for the P.V.C. and silicone samples respectively. The 
elongation at failure for the two sleeves when uncracked were also low  
compared to good elastomers, which have an elongation at failure in the 
region of 300%-500%.
The fourier transform total internal reflection infrared analysis 
showed that the skin thought to be P.V.C. was a material consisting of
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an alkyl chain with alternating halogen substitution, this strongly 
supports the claim that the skin is P.V.C. The E.P.M .A. results confirm 
that the skin is P.V.C. as it names the halogen as chlorine, clear short 
fibres were also seen embedded in the P.V.C.. In order to improve the 
mechanical properties o f polymers it is common to use filler 
materials75-76. The E.M .P.A. results show that the fibres composition 
was predominantly oxygen and silicon. This strongly suggests that the 
filler material was glass77. The E.M .P.A. results also showed that the 
skin thought to be silicone rubber was a dimethyl polysiloxane, which is 
the common name for silicone rubber.
3.9 CONCLUSIO NS
1) From the fourier analysis results it was found that the 
composition of the three foams was:-
High density foam Poly(esterurethane)
Medium density foam Poly(N-methylurethane)
Low  density foam Poly (ether urethane urea).
2) From the fourier analysis and E.M .P.A. results the composition 
of the sleeve thought to be P.V.C. was found to be P.V.C. polymer with 
a glass fibre filler.
3) From the tensile test results The P.V .C . sleeve can not be 
recommended for use on an above knee prosthesis.
4 ) Although the silicone sleeve, when undamaged, has suitable 
elongation properties for use on an above prostheses, if the sleeve then 
becomes cracked the elongation properties become sufficiently low to 
make failure probable.
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5) The mechanical properties of the three foams when in the 
undamaged, or uncracked, condition suggested that they were generally 
suitable for use as cosmesis materials. However, when the foams 
became cracked their mechanical properties were reduced to a level so 
as to make them unsuitable for use as cosmesis foams.
6) The elongation at failure of all the foams when cracked reduced 
significantly. The elongation at failure of the cracked medium and low  
density foam was reduced to a level which suggested that they were 
unsuitable as cosmesis material.
7) The reduction in elongation at failure of the high density foam  
was not sufficiently great to make the high density foam unacceptable 
for use as a cosmesis material.
8) The reduction in elongation at failure o f cracked foams is the 
same irrespective o f crack width.
9) The mechanical properties o f the medium density foam which 
superseded the low density foam as cosmesis foam for the Endolite limb 
are little or no better than the original low density foam covering.
10) The fatigue and wear resistance of the foams is unknown and 
needs to be investigated.
A  study of these properties is conducted in chapter 4.
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C H A P T E R  F O U R
4. T H E  F A T IG U E  T E S T  R IG
A  fatigue testing machine has been designed and built in order to 
assess the effect of fatigue on performance o f foams used for cosmetic 
covering , in a more realistic environment than only in uniaxial tension. 
The test rig is designed to simulate the fatigue operating conditions of 
maximum flexion of an artificial limb.
The test rig is shown in figure 29. Eccentrics drive wheels were 
mounted on a single shaft connected to a quarter horse power D.C. 
motor by an axle. The motor is set to a speed of 50 cycles per minute, 
which is comparable to walking pace of amputees78’79. As the eccentrics 
rotate they cause vertical motion o f the piston. At the lowest position 
the top of the piston it is just touching the foam which is clamped 
perpendicular to the piston. As the piston rises it causes extension of the 
foam. At the piston maximum height it extends the foam by an overall 
average extension o f 65%, the maximum extension found from the 
elongation distribution results. The screw-in piston head is a mould of a 
patella piece from an Endolite limb, (figure 30). Therefore, a 
simulation o f the interaction o f the patella piece with the foam cosmesis 
can be achieved during testing. The eccentric was made from dural, to 
reduce weight, and the piston was made from silver steel. A  rotating 
cylindrical bearing was set into the bottom of the piston, (figure 31).
The eccentric and piston were housed in a framework made from 
mild steel U-section. Three pieces o f channel were used to construct the 
framework. Two pieces of equal length were set vertically with the U - 
section facing inwards. These were joined by a horizontal section which 
was welded to the vertical, with its channel facing downwards.
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Figure 29 The fatigue test rig.
Figure 30 Screw in piston head.
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bearingeccentric
Figure 31 Bearing between piston and eccentric.
A  square section was cut centrally in the horizontal channel. This 
was done so a piece o f box section could be welded vertically into the 
U-section and thus act as a guider for the piston, (figure 32).
The clamps were welded to pieces of mild steel U-section, ( 
figure 33). The dimensions of this U-section were sufficiently small to 
enable them, (with clamps welded), to slot inside, and be bolted to, the 
vertical pieces of framework channeling.
Four complete sets of eccentrics, pistons, frameworks, and clamps 
were made and were all bolted together.
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Figure 32 The piston guide.
Figure 33 Clamps welded into position
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4.1 EX PER IM ENTAL PROCEDURE
Test samples of all the foams were cut from cosmeses and fatigue 
tested to failure using the fatigue testing machine. The dimensions of the 
test samples were 250mm X  35mm X  25mm. Thirty two samples of 
high density foam, and twenty six samples of low and medium density 
foam were tested.
The strain analysis results, (section 2.2), showed that the 
maximum strain on flexion was found around the patella piece. A  
sample of width 35mm was thought to be sufficiently broad to 
incorporate the total area in which maximum strain occurred. The 
sample depth was 25mm, the same thickness as the tensile test edge 
notch specimens which were tested with progressively larger cracks cut 
into them.
During cosmesis production of the Endolite limb a protective net 
is glued onto the internal surface of the foam cosmesis. This is done, 
"ad hoc", in order to limit damage done to the foam by the internal 
surface o f the foam. Therefore, twenty samples o f each type of foam 
with protective nets glued onto them were also fatigue tested.
Four independent samples of netting were also tested on the test 
rig under the same conditions.
In order to assess the affect o f the moulded patella piece on 
failure a further 15 samples o f high and medium density foam, both 
with and without protective netting (60 samples in total), were fatigue 
tested using a moulded smooth cylindrical piston head, (made o f the 
same material as the patella piston head), which has no sharp angles 
likely to interact with the cosmesis. No samples o f low  density foam  
were tested as at the time of testing the low density foam had been 
superseded by the medium density foam as a covering for the Endolite 
limb, and no low density foam was available.
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For samples o f high and medium density foam, tested without 
protection using the patella piece piston head it was noted that cracking 
of the samples occurred. The crack depth achieved the cycle prior to 
failure and the rate o f crack growth was measured. This was done by 
observing cracking progress through the thickness o f the samples being 
tested. The test rig was stopped periodically and the crack depth 
measured using a vernier depth gauge. The number o f cycles between 
measurements was reduced as the cracking became more severe until 
just prior to failure the crack depth was measured every cycle. 
Therefore, the rate o f progression o f the crack through the sample and 
the crack depth just prior to failure was measured.
4.2. RESULTS
The results of the fatigue tests conducted using a standard patella 
piece mould are shown in table 7.
The results show that the high density foam had a much greater 
resistance to failure compared to the either the low or medium density 
foam. The average number o f cycles to failure for the high density 
foam was 698, compared to 88 for the medium density foam, and 66 
for the low density foam. \
It was observed that the failure mechanismYor all o f the foams 
without protective netting was the same, with fracture occurring across 
the width o f the sample in an area around the patella piece. It was seen 
that the leading edge of the patella, where the radius o f curvature was at 
its smallest, initially caused damage to the foam and then cracked the 
foam during the maximum extension phase of the o f the cycle. Once 
cracking was initiated it could be seen that the leading edge o f the 
patella piece began to wedge into the cracked area o f the foam during
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the maximum extension phase of the cycle, which acted to cut further 
into the foam, and then release itself from the cracked area during the 
minimum phase of the cycle. The crack continued to grow in depth 
and width during subsequent cycles, until it became critically large. At 
this point fast fracture occurred. It was found that the maximum crack 
depth prior to failure for the high density foam was 23 mm for samples 
25mm deep. The same measurement for the medium density foam was 
18 mm.
WITHOUT NET WITH NET
AVERAGE 
CYCLES TO 
FAILURE S.D.
AVERAGE 
CYCLES TO 
FAILURE S.D.
HIGH
DENSITY
FOAM
698 154 8137 1151
MEDIUM
DENSITY
FOAM
88 21 3356 539
LOW
DENSITY
FOAM
66 14 4124 754
Table 7 Fatigue test results using moulded patella piece.
The rate of crack growth measured is shown in graphs 5 and 6. 
Although the crack growth was not found to be linear with respect to 
the number o f cycles tested a good approximation o f the growth rate for 
the high density foam was 0.08mm/cycle, and for the medium density 
foam 0.2mm/cycle.
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Graph 5 Rate of crack growth in the high density foam.
Graph 6 Rate of crack growth in the medium density foam.
The results show that the fatigue life o f all the foams was greatly 
increased by the use of the protective net. The fatigue resistance of the 
high density foam was increased by 12 times, with the average number 
of cycles to failure being 8137. The average numbers o f cycles to 
failure for the low density foam was 4124. this gives an increase of 
fatigue resistance of 62 times. The average numbers o f cycles to failure 
for the medium density foam was 3356 an increase in fatigue resistance 
of 42 times.
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It was observed that the failure mechanism of the foams was the 
same in all cases. In common with the unprotected foams failure 
mechanism, failure occurred across the width of the specimen in the 
area around the patella piece. Even with the protective netting glued in 
place the leading edge of the patella piece caused damage to the foam, 
which led eventually to cracking and fast fracture. The action of the 
leading edge of the patella piece wedge into the damaged area was less 
prominent with the samples tested with protective netting compared to 
those tested without netting. In all the tests performed the netting 
remained undamaged.
The main stages in specimen failure are shown in figure 34
Figure 34 main stages of fatigue.
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It was not possible to measure the crack growth directly with a 
vernier plunge gauge for the samples with netting as the netting did not 
allow access to the crack. However, it was noted by observing the crack 
growth at the sides o f the specimen that the growth in this area was 
significantly less than that observed in the specimens without netting.
The results of the fatigue tests done using the cylindrical patella 
piece are shown in table 8.
WITHOUT NET WITH NET
AVERAGE 
CYCLES TO 
FAILURE S.D.
AVERAGE 
CYCLES TO 
FAILURE S.D.
HIGH
DENSITY
FOAM
2458 387 11250 1235
MEDIUM
DENSITY
FOAM
1507 80 4739 681
Table 8 Fatigue test results using cylindrical piston head.
The fatigue resistance of both the high and medium density foam, 
without net, was increased using the cylindrical patella piece. The 
fatigue resistance of the high density foam increased by 3.5 times, and 
the medium density foam by 18.8 times compared to the same samples 
tested using the patella piece piston head. Using samples with protective 
nets applied the number of cycles to failure increased to 11250 for the 
high density foam, (1.4 times the value o f the samples tested with 
protective netting using the patella piece piston head), and to 4739 for 
the medium density foam, (1.4 times the value of the protected samples 
with the patella piston head).
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The failure mechanism for both foams was seen to be the same in 
all cases. Repeated cycles of the foam caused fracture o f the foam, the 
area of failure was predominantly in the in the piston head area, (four 
samples o f foams with netting failed 1 “2cm distance away from the 
piston head). The failure was initiated in the form of cracks developing 
on the side of the foam in contact with the piston head which progressed 
through the thickness of the foam. The fracture ran across the width of 
the foam.
The fatigue tests done on the independent samples of netting 
recorded no failure after 500000 cycles, at which point the test was 
stopped.
4.3 DISCUSSION OF FATIG UE TESTS
Although the test rig was designed to test the fatigue resistance of 
samples, none o f the samples tested with the patella piece piston head 
failed predominantly by fatigue mechanism. It was seen that surface 
wear induced cracking was the primary cause of failure. This was most 
significant with those samples tested without netting as once cracking 
was initiated it permitted the leading edge of the patella piece to wedge 
into the already damaged area, on each cycle, giving rise to extensive 
damage. When the patella piece was removed and replaced with a 
cylindrical piston head the lifetime of all the samples without protective 
netting was significantly increased. This very strongly suggests that 
surface wear and cracking is the predominant effect in cosmesis failure.
For all of the foams tested with the patella piston head the lifetime 
of the samples was significantly increased when the protective net was 
applied, especially with the samples o f low and medium density foam. 
The protective net is a barrier between the piston head and the foam and 
therefore prevents direct contact between piston and foam. This reduces
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the wear potential of the piston and it is most likely that this gives rise 
to increased lifetime. The protective net remained undamaged in both 
the tests done on the protective net itself, and in the tests done on the 
foams with protective netting glued onto the surface. This suggests that 
the use o f protective netting has a positive effect on the lifetime of the 
cosmesis and does not contribute to failure of cosmeses. At the present 
time only the Endolite cosmesis is fitted with a protective net during 
cosmesis production, these results suggest that the application of a 
protective net would be beneficial for all cosmeses.
The fatigue test results using the cylindrical piston head showed 
that all the samples, with protective netting, o f both high and medium 
density foam had a greater fatigue lifetime when compared to the same 
sample conditions tested using a patella piston head. However, the 
increases found when the piston heads were changed were relatively 
smaller for the foams tested with protective netting compared to those 
tested without. If wear is the primary cause of failure then the samples 
tested with netting have a barrier between the the foam and the piston, 
and therefore have a degree o f protection from the patella piece. The 
samples tested without netting have no protection. Therefore, when the 
piston head is changed to a cylindrical piston head then the benefit 
produced by this would be relatively less for the foams with netting 
compared to those samples tested without netting. Consequently the 
relative increase in lifetime would be expected to be less, and this was 
found from the results .These results also support the claim that cracking 
is the predominant mechanism in foam failure as the lifetime of the 
foam is significantly increased when cracking potential is reduced.
A ll the foams fatigue tested using the cylindrical piston head were 
seen to fail via a fracture mechanism. A  literature search found that 
flexible urethane foams under compression flex fatigue condition80 are
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able to withstand in the region of 100,000 cycles at 75% deflection 
without failure. A ll the foams tested failed at a only a few  percent of 
this number. Compression fatigue o f flexible urethane foams give rise 
to a loss in strength and a permanent decrease in volume, caused byI
changes in chemical structure81*82. Tensile fatigue is a different problem 
leading to fracture by crack growth of flaws in the material83 from the 
surface inwards rather than a slow change in properties. However, the 
number of cycles to failure for these types of foams under comparable 
loading conditions is unclear, as nearly all work has be concentrated on 
the compression properties of flexible urethanes. Flaws in the materials 
tested w ill still be introduced by the cylindrical piston head rubbing 
against the foam surface. This is especially true for the foams tested 
without protective netting as these sample tended to fail most frequently 
in the piston head area.
It was observed that the cracking had to travel through 70% of 
the depth of the medium density foam specimens, and 90% of the depth 
of the high density foam specimens, before failure occurred. The crack 
depth at which failure occurred, (23 mm high density foam, 18 mm 
medium density foam), tended to be a little higher than that predicted 
from the tensile tests done on the edge crack foam specimens which 
were the same thickness as the fatigue test specimens in the materials 
analysis section.
The edge crack tensile tests suggested that for 65% elongation the 
high density foam would fail at a depth of 22mm and the medium 
density foam at a depth of 16mm. The cracks in the tensile test 
specimens were o f constant depth across the width of the specimen. The 
fatigue test rig cracks measured were maximum crack depth 
measurements with cracked portions adjacent to the maximum are 
being of less depth due to the curved nature of the leading edge of the
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patella piece. Therefore, as the cracking was not uniformly severe 
across the cracked area it is likely that the maximum crack depth 
measured from the fatigue samples would be in excess o f the predicted 
depth due to support by adjacent areas of cracked foam of depth less 
than that predicted for failure at 65% elongation. These results suggest 
that the behaviour of the edge notch tensile test specimens and and the 
behaviour of the cracked fatigue specimens is related.
The results confirm the significance of wear on the failure of the 
foam samples as it is not until the cracking has penetrated nearly all of 
the samples width that the forces and loads applied to the foam samples 
become critical and fracture occurs.
It was found for samples without netting that the crack growth 
rate for the medium density foam was two and a quarter times larger 
than that of the high density foam. However, the total fatigue lifetime of 
the high density foam was approximately seven and a half times that of 
the medium density foam. Therefore, the initiation of cracking in the 
high density foam must be delayed compared to the medium density 
foam.
The medium density foam has a modulus that is approximately 
twice that o f the high density foam and a similar tensile strength. 
Therefore, during testing a given displacement produces approximately 
twice the stress in the medium density foam at the leading edge o f the 
patella piece. This is likely to premote the initiation o f cracking in the 
medium density foam after fewer cycles than the high density foam.
The medium density foam has a more course cell structure than 
that o f the high density foam, (section 3.6.3). Some cells found at the 
surface of the foam will have been severed during cutting of the foam. 
Consequently, some incomplete cells exist at the foams surface forming 
a series of troughs along the surface, (figures 35 and 36).
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Figure 35 Surface o f medium density foam. M agn ifica tion  x21
Figure 36 Surface of high density foam. M agn ifica tion  x31
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As the cell size of the medium density foam is larger than ,the 
high density foam then the incomplete cell troughs w ill be deeper for 
the medium density foam giving a less even surface to the foam. As 
failure is initiated by wear then it is likely that the more uneven surface 
of the medium density foam is more likely to premote wear by the' 
patella piece and initiate cracking earlier than the high density foam.
The fracture mechanism observed with the patella piece piston 
head is consistent with the failures recorded for cosmeses, which have 
frequently been seen to fail in the area of the knee. Therefore, if surface 
damage and cracking of the cosmesis can be stopped, it is most likely 
that this would increase the lifetime of the cosmesis considerably.
It was strongly recommended that the design o f the patella piece 
be changed to incorporate a less severe radius o f curvature at the 
leading edge of the piston head, or if possible this piece of mechanism 
be omitted from designs completely. However, the requirement to study 
the failure mode and to suggest new materials for cosmeses was 
reconfirmed by the manufacturer as being of considerable value. The 
research therefore continued. A  prototype limb has been produced by 
Vessa Ltd. incorporating modifications which were made as a direct 
result o f his work.
The fatigue tests conducted, (with patella piece piston head), on 
the foams with protective netting showed that the low density foam, 
which was superseded by the medium density foam for covering of the 
Endolite limb, failed after a greater number of cycles than the medium 
density foam. However, when the tests were done on the unprotected 
foams the medium density foam failed after more cycles than the low  
density foam.
The tensile tests showed that the low  density foam when 
undamaged had more suitable properties, (with respect to elongation at
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failure and compliance), than the medium density foam. However, when 
the foam became cracked the medium density foam had slightly better 
elongation properties, (with similar compliance), than the low density 
foam. When the foams were fatigue tested in the unprotected form the 
samples soon became cracked and the mechanical properties o f the 
foams when cracked were predominant for most o f the duration of the 
test. Therefore, as the medium density foam has slightly better cracked 
properties than the low density foam it can withstand more cycles 
before failure than the low density foam. The effect o f covering the 
foams with protective netting was to delay the cracking action for a 
significant period o f time. Therefore, the properties o f the foams in 
the uncracked form were predominant for most o f the duration o f the 
test. As the low density foam had slightly better properties than the 
medium density foam in the uncracked condition it could withstand 
more cycles before failure than the medium density foam.
4.4 C O N C L U S IO N S
1) The failure o f all foams tested using the moulded patella pieces 
caused predominantly by the effect of wear o f the patella piece 
damaging and cracking the foam, which leads to failure.
2) Limiting the wear caused by the patella piece, and therefore 
reducing wear, will be beneficial to the lifetimes of all the foams.
3) Use o f the protective netting increases the lifetime of all foams, 
and should be fitted to all cosmeses during cosmesis production, as this 
would have a beneficial effect on the lifetimes o f all foams.
4 ) The high density foam was more susceptible to tensile fatigue than 
the medium density foam, (as its relative increase in lifetime was less 
than the medium density foam), however, its lifetime was still longer 
than the medium density foam.
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5) Due to operating conditions it is likely that the medium density 
foam, (the "new" Endolite foam), will perform slightly worse with 
respect to lifetime than the low density foam, (the "old” Endolite foam), 
which it superseded.
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C H A P T E R  F I V E
5. N E W  M A T E R IA L S
The previous work suggests that i f  any new material is to be  
successful as a cosmesis material it would have to be:-
•  A n  elastomer with elongation at failure greater than 200%  
in the standard uncracked condition.
•  H ighly resistant cracking and therefore to surface damage.
•  Fatigue resistant.
Manufacturers o f plastics, rubbers, and foam ed materials were 
approached and consulted for information on any materials available 
which would appear to have properties appropriate for use as cosmesis 
materials. The companies approached were, Shell (B elg ium ), Bayer 
U .K ., R .A .P .R .E . Technology Ltd., IC I Polyurethane group, D o w  
Chem icals, Dunlopillo  Ltd., and Harcross Chem icals. Samples o f  
materials were sent by some companies and fatigued tested on the 
fatigue test rig, however, none sent performed better than the high  
density urethane foam already used.
Another company that was approached was Cosmedica Ltd. who 
produce silicone materials. A  silicone rubber material available  
appeared to have the most suitable properties o f all those suggested for 
use as a cosmesis material. The rubber polymer can be foamed, and can 
also coated with a thin film  o f waterproof solid polymer. It would be 
advantageous to have a waterproof cosmesis as at present cosmeses are 
not generally waterproof and can absorb moisture which may lead to 
degradation o f the foam. A  cosmesis with a waterproof polym er 
coating could also be easily cleaned.
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The mechanical properties, and fatigue lifetime on the fatigue 
testing machine, o f the silicone polymer in different conditions was 
done in order to compare the properties to that o f the polyurethane 
foams, and assess the suitability o f the material for use as a cosmesis 
material.
5.1 S IL IC O N E  C H E M IS T R Y
Essentially, silicones typically consist o f long linear chains o f 
alternating silicon and oxygen molecules attached to which are end 
groups, X  and Y , and side groups R  and R '84> 85» 86 . This forms a high 
molecular weight elastomer with the general formula
X- o
R
I
Si
I
R'
O- Y
n n= 5-50,000
X  and Y  can vary as can R  and R \  each o f these can be the same 
or different. The characteristic function is the long -S i-O -S i- backbone, 
which gives essentially an inorganic polymer. The side groups are most 
commonly methyl groups which forms poly(dimethylsiloxane).
To give the silicone its elastomeric properties, as with all 
elastomers, it is necessary to crosslink the polymer chains in order to 
produce a network structure, (figure 37). In the non crosslinked form  
the polymer is a completely plastic highly viscous liquid, with polymer 
chains able to slip freely under any applied load. Crosslinking enables 
chains to be linked together adding to the strength o f the polymer as a 
whole, enabling it to resist applied loads.
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c ro ss lin k
N l -
te rm in a l v *-------- " A  u
non S \ --------
active chain
Figure 37 Schematic diagram o f a network polymer structure.
Silicones such as these can be crosslinked via one o f two 
mechanisms87 . This is done either by the free radical crosslinking with, 
for example benzoyl peroxide, through the formation o f ethylenic 
bridges between chains, or by crosslinking linear or slightly branched 
siloxane chains having reactive end groups such as silanols. In contrast 
to the free radical method this yields S i-O -S i crosslinks.
Reaction o f silicone with free radical:-
C H 3 C H 3 C H 3 C H o
I  l  V  I  I
_ S i— o —  S i—  G—  — — -4  — S I— - o — S i— O -  
I I I I
c h 3 c h 3 c h 3 h -c -h
+ l" In itia to r fragm ent ° + ^
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W hen two pendant alkyl radicals are in juxtaposition, chain crosslinking 
occurs by mutual radical combination.
C H
-S i-
i
C H
C H
■O
C H
'S i O
H -C -H
3 H -C -H
C H  0 C H „
CH
■Si
C H
C H
•Si
CH
C H
■O—  Si
r
H-
o
H
n
H -C -H
This is not a chain mechanism even under ideal conditions as only 
one cross link can be formed per initiator molecule added. Therefore, 
in order to produce a polymer network consisting o f many crosslinks 
the initial concentration o f initiator has to be large.
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End group crosslinking. C rosslinking silanol end groups with  
tetraethy lorthosilicate: -
CH
I
■Si—
I
CH
CH
I
•Si — 
CH
c h t ‘ CH —
C H 3~
UXo
OH
CH „
1 3 Q i■ o 1 .... ..
2 h 3
CH o 
1 3
-Si
s ila n o l
V
/ \
0 ” C H
H O -
c h 3
O— c h -
HO
c a ta ly s t
\ J /
\ /
q n 3
O S i —
I
c h 3
3
QH 3 
-S i —
c h 3
c h 3 CH 3
I 3
■Si -
I
c h 3
6 h
o /  \  To — Si
I
•f 4 C H 3 C H 2 OH
c h 3
This is a simple condensation reaction, often requiring a catalyst 
such as fatty acid salts o f tin, or lead,for example dibutyltindilaurate. 
This mechanism forms the basis o f the curing o f room temperature 
vulcanizing, (R T V ), silicone elastomers.
P a g e  82
5.2 E X P E R IM E N T A L  P R O C E D U R E
5.2.1 S IL IC O N E  E L A S T O M E R  P R O D U C T IO N
The silicone system chosen fo r investigation was a room  
temperature vulcanizing system. The silicone elastomer base used comes 
as a thick semi transparent resin and was cured using the fo llow ing  
method:-
1) Firstly, elastomer base polymer was weighed out into batches o f 
10 grams, and placed onto different areas o f a plastic work surface. Each 
batch o f silicone was then spread out on the surface using a spatula.
2 ) Liquid catalyst was then added by drops to each batch. The catalyst 
was then mixed thoroughly with the silicone.
3) Liquid crosslinker was then added by drops to each batch. The 
crosslinker was then mixed thoroughly with the silicone.
4) The cured silicone was the placed into any desired mould and left 
to harden. The curing time was approximately 24 hours.
5.2.2. F O A M E D  S IL IC O N E  E L A S O M E R
A  foamed silicone elastomer was produced by mixing the uncured 
silicone elastomer with a known quantity o f polystyrene beads. This 
formed a soft plastic solid which can be handle without sticking to the 
hands. The standard available beads came in three diameter sizes, 
5mm, 2 mm, and 1mm. It was first decided to use the 1mm and 2mm 
beads, however, the size o f 1 mm and 2 mm beads supplied by a 
manufacturer was inconsistent and there appeared little difference  
between the two sizes o f beads. Therefore, the nominally 1mm beads 
were used as there was no appreciable difference between the two bead  
sizes.
The mixture o f beads and silicone was cured using the same 
method as that used for silicone elastomer only. The polystyrene is not
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involve in the curing reactions and therefore only adds volume to the 
curing mixture. After curing is complete the cured silicone with beads 
is then removed from the mould and immersed in a bath o f acetone. 
Acetone dissolves away the polystyrene beads. Silicone being essentially 
an inorganic polymer does not react, and is unaffected by  the acetone. 
W ith the polystyrene beads removed from the silicone a foamed silicone 
polymer is produced. Later batches o f 1mm beads were found to have 
diameters, on average o f about 0.4 mm. These were found to be less 
desirable, (and avoided as much as possible), than the 1mm beads as 
some o f the beads were small enough to be totally encapsulated by the 
silicone polym er and therefore could not be dissolved out by the 
acetone. These very small beads would then be retained by the material 
and would act as stress raisers when load is applied.
A n  external coating o f silicone elastomer can then be applied  
directly onto the surface o f the silicone foam  if required, to form a 
skinned silicone foam.
5.3. T E N S IL E  T E S T S
5.3.1. S O L ID  E L A S T O M E R
Five parallel sided tensile test specimens o f solid silicone 
elastomer were made and tensile tested at a rate o f 50mm/min. The 
density o f the solid elastomer was also noted.
5.3.2. F O A M  S P E C IM E N S
Parallel sided specimens o f silicone foam were made, using the 
foam ing technique, and m echanically tensile tested at a rate o f  
50mm/min. Six samples o f foam o f seven different densities were tested. 
The densities o f the samples were 0.32 g/cm^, 0.34 g/cm3, 0.37 g/cm3, 
0.39 g/cm3, 0.41 g/cm^, 0.45 g/cm3, and 0.49 g/cm^. The amount o f
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catalyst and crosslinker added for curing is likely to have a significant 
effect on the properties o f the cured foam. Therefore, each density was 
tested at six different levels o f catalyst and crosslinker addition. 
Experimentally it was found that the minimum amount o f catalyst and 
crosslinker needed for fu ll curing to be achieved was 5 drops each o f 
catalyst and crosslinker for 5 grams o f foam mix, ( where the weight per 
drop is:- catalyst 0.018g, and crosslinker 0.021). The range o f catalyst 
and crosslinker additions was from 5 drops each to 10 drops each per 5 
grams o f foam mix at increments o f one drop. The densities were chosen 
as they represented the range o f foam  densities which could be  
practically made. A t densities less than 0.32g/cm3 the amount o f  
polystyrene beads needed to mix with the silicone elastomer base was so 
great that there was insufficient elastomer to bind all the beads present. 
A t densities above 0.49g/cm3 so few  polystyrene beads were used that 
the bead and polymer mix became unmanageable sticking both to the 
mixing surface and to mixing tools.
The tensile tests were repeated on edge notch samples, (section 
3.2.2), o f the same densities with 3mm deep cracks cut in them, 
perpendicular to the axis o f tension, in order to assess the crack 
sensitivity o f the foams.
Further edge notch specimens were tested, (W =1 0m m ), with  
progressively larger cracks cut into the samples. This was done in order 
to find at what crack depth failure would occur at 65% strain. The 
fracture toughness (K i c )  was calculated for samples tested.
5.3.3. T E N S IL E  T E S T S  W I T H  C O N S T A N T  C R O S S L IN K IN G
It is possible that the concentration o f catalyst, (which promotes 
the backbone chain formation o f -S i-O -S i-), w ill have little effect on the 
final properties o f the cured foam samples at the levels used. Therefore,
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samples o f foam  (0.49g/cm3 the density most likely to be affected), 
were produced with constant crosslinking additions, but varying catalyst 
additions, (5 drops/5g, 8 drops/5g, and 10 drops/ 5g). These samples 
were also tensile tested in order to assess the effect o f catalyst additions 
on the properties o f the cured foam.
Samples o f 0 .49g/cm 3 foam  were also tested with varying  
crosslinker additions but with constant catalyst. The amount o f catalyst 
and crosslinker additions used were reversed to that used in the constant 
crosslinking tests. This was done to confirm the significance o f the 
crosslinker on the properties o f the cured foam.
5.3.4. D I M E N S I O N A L  S T A B I L I T Y
Six tensile test samples o f foam , (0.49g/cm3), were made and 
extended uniaxially to 1 2 0 % elongation and then returned to their 
original length. This was repeated ten times, and was done in order to 
observe if any permanent deformation o f the sample occurred.
5.3.6 C O M P A R IS O N  W I T H  U R E T H A N E  F O A M S
Six parallel sided edge notch tensile test specimens o f both high 
and medium density urethane foam were produced. Each sample was o f 
the same dimensions as that o f the silicone samples and had 3mm cracks 
cut into them. The specimens were tensile tested at 50mm/min in order 
to allow  for direct comparison between the silicone and polyurethane 
foams.
5.3 .2 .O P T I C A L  E X A M I N A T I O N
Sections o f foam  were taken from a sample o f silicone foam, 
(density 0.49 gm/cm3), and viewed under the optical microscope and 
general observations made.
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5.4. R E S U L T S
5.4.1. S O L ID  E L A S T O M E R
It was found that the solid silicone elastomer had a tensile strength 
o f 3.49 N/mm^, an elongation at failure o f 772 %, and an initial youngs 
modulus o f 0.78 N/mm^. The density o f the solid elastomer was found 
to be 0.98 g/cm3.
5.4.2. S IL IC O N E  F O A M
The general shape o f the stress strain curve found for the silicone 
foam specimens is shown in figure 38.
StreSS N/mm2
Figure 38 Stress/strain curve for silicone foams.
The shape o f the stress strain curve for the silicone foams was 
found to be similar to the stress strain curve for the urethane foams. 
The curve was found to be split into two regions. The first 
region, from zero strain to fifteen percent strain, appeared linear 
elastic and is due to cell edge bending and cell rotation towards the
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tensile axis44. Although cell edge bending was predominant in all foams 
up to sixteen percent, the force needed to achieve this was less for foams 
with low er crosslinking additions. This is fo llow ed by a near linear 
elastic region o f lower modulus which continues to failure. This region 
is governed by cell wall stretching45.
It was observed for all the foams tested that rupture occurred 
perpendicular to the axis o f tension.
The tensile test results done on the parallel sided test specimens, 
both uncracked and cracked, are shown in tables 9 and 10 .
CATALYST AND 
CROSSLINKER
ELONG
%
DENSITY
0.32 0.34 0.37 0.39 0.41 0.45 0.49
5 + 5
cracked 1 14 121 1 20 133 1 62 225 2 32
uncracked 1 88 212 241 2 18 2 5 4 2 97 3 0 4
6 + 6
cracked 1 03 110 117 1 36 168 1 82 1 83
uncracked 1 71 2 0 8 221 2 32 260 252 250
7 +7
cracked 105 102 1 00 119 149 177 1 59
uncracked 150 183 1 98 182 2 3 2 242 234
8 + 8
cracked 9 8 107 97 1 22 1 1 9 1 52 1 53
uncracked 1 41 175 182 163 2 03 210 222
9 + 9
cracked 9 3 9 5 106 1 1 2 131 1 1 9 141
uncracked 1 34 142 184 155 1 93 191 1 88
10 + 10
cracked 89 92 92 108 104 108 1 32
uncracked 126 132 160 149 163 184 1 82
Table 9 Elongation at failure o f silicone foam o f different densities and 
with various additions o f catalyst and crosslinker, in both the cracked 
and uncracked conditions.
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CATALYST AND 
CROSSLINKER
FRACTURE
STRENGTH
N/mm 2
DENSITY
0.32 0.34 0.37 0.39 0.41 0.45 0.49
5 + 5 cracked
0.105 0.120 0.146 0.194 0.255 0.250 0.340
uncracked 0.163 0.185 0.237 0.286 0.362 0.375 0.434
6 + 6
cracked 0.100 0.118 0.142 0.194 0.242 0.255 0.320
uncracked 0.163 0.160 0.239 0.293 0.322 0.380 0.409
7 +7
cracked 0.103 0 . 1 1 1 0.151 0.187 0.215 0.246 0.265
uncracked 0.152 0.159 0.218 0.283 0.315 0.368 0.385
8 + 8
cracked 0.103 0.107 0.139 0.185 0.198 0.230 0.185
uncracked 0.149 0.164 0.222 0.255 0.307 0.349 0.315
9 + 9
cracked 0.094 0.109 0.135 0.176 0.204 0.215 0.295
uncracked 0.148 0.155 0.216 0.239 0.294 0.336 0.352
10 + 10
cracked 0.094 0.105 0.133 0.175 0.196 0.204 0.245
uncracked 0.136 0.151 0.223 0.235 0.284 0.337 0.338
Table 10 Fracture strength o f silicone foam o f different densities and 
with various additions o f catalyst and crosslinker, in both the cracked 
and uncracked conditions.
It was found for each condition tested that a range o f strength and 
elongation values were recorded. The mean values o f strengths and 
elongations given are confident to plus or minus approximately five  
percent at the 95% confidence level.
The spread o f results was due to three main factors. The 
polystyrene beads used for m ixing were all ordered at the 1 mm size. 
However, there were variations in the size o f beads, (generally from 1 
mm to 0.5mm). Very  small beads are more likely to become totally
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encapsulated in by  the silicone polym er and w ill therefore not be 
dissolved out when immersed in acetone. Some beads sent were found to 
have very small average diameters, (approximately 0.4mm), and were 
avoided. However, There w ill still be some beads retained within the 
samples made and these w ill vary from sample to sample. Although care 
was taken when dissolving out the beads with acetone it was found from  
the optical examination that a residue o f polystyrene was retained within 
some cells. Retained beads is the most likely factor to contribute to the 
spread o f measurements as it was difficult to control the size o f beads 
used and to achieve the uniform dissolving o f beads. Irregular mixing 
o f the catalyst and crosslinker w ou ld  produce a variation in 
measurements. The notched test specimens had 3mm cracks cut into 
them. Total uniformity between cracks is difficult to achieve.
It was found for each density, for both cracked and uncracked 
samples, that there was a significant decrease in the elongation at break 
with an increase in the amount o f catalyst and crosslinker added. This 
decrease in elongation showed good linear correlation, (graphs 7 and 8 - 
correlation "R " given with graphs).
The fracture strengths o f each foam density were also found to 
decrease with good linear correlation with increase in catalyst and 
crosslinker addition, (graphs 9 and 10).
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Graph 9 Typical variation o f fracture strength, fo r uncracked  
specimens, with different catalyst and crosslinker additions, density 0.45 
g/cm3.
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Typical variation o f elongation at failure, and fracture strength, 
with density are shown in graphs 11 to 14. Six lines are are shown on each 
graph and and these indicate different amounts o f catalyst and crosslinker 
addition. The the lines showing the highest elongations and fracture 
strengths are the results fo r specimens with 5 drops o f  catalyst and 
crosslinker added. The lines showing the lowest properties are the results 
for specimens with 10 drops o f catalyst and crosslinker added. It was 
found that both elongation at failure and fracture strength increased with 
increasing density and that this increase showed good linear correlation. 
This trend was shown by both cracked and uncracked specimens. The 
graphs also show, (as in graphs 7 to 10), that increasing catalyst and 
crosslinker additions resulted in a decrease in both fracture strength and 
elongation at failure for samples.
Generally, the decreases in properties found with increase in 
catalyst and crosslinker addition were greater fo r the higher density 
foams. However, it was found for uncracked samples the relative decrease 
in elongation and fracture strength from  5 drops o f catalyst and 
crosslinker to 10 drops was the similar for all densities. The elongation at 
failure for the 10 drop specimens dropped on average to 64% o f their 5 
drop value, and the fracture strengths o f the 10  drop specimens dropped 
on average to 83% o f their 5 drop value.
The relative decrease in properties for the cracked samples from 5 
drops to 10  drops showed that there was a larger relative decrease for the 
higher density foam s compared to the low er density foams. The  
elongation at failure for the 0.32g/cm3 cracked specimens with 10  drops 
o f catalyst and crosslinker added was 2 2 % less than the value o f the 
elongation at failure o f the specimens o f the same density with 5 drops o f 
catalyst and crosslinker added. The decrease in elongation at break for the 
0.49g/cm3 cracked specimens over the same 5 to 10 drop range was 43%.
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Graph 11 Typical variation of elongation at break with density, for 
uncracked specimens, with different catalyst and crosslinker additions.
0.3 0.4 Density g/cm3 o.5
Graph 12 Typical variation o f elongation at break with density, for 
cracked specimens, with different catalyst and crosslinker additions.
Graph 13 Typical variation of tensile strength with density, for 
uncracked specimens, with the same catalyst and crosslinker additions.
Graph 14 Typical variation o f tensile strength with density, for cracked 
specimens, with the same catalyst and crosslinker additions.
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The results o f the tensile tests done on the edge notch silicone 
foam specimens, (W =10m m ), with progressively larger cracks cut into 
the samples are shown in table 1 1 .
CRACK
LENGTH
ELONG.AT 
FAILURE 6f 2 N/mm
K 1 C
1 mm 288% 0.410 0.86
2 mm 2 1 1 % 0.381 1.31
3mm 207% 0.371 1.90
5mm 133% 0.190 2.13
7mm 103% 0.138 3.87
8 mm 66% 0.083 4.20
Table 11 Tensile test results for the edge notch specimens 0.49g/cm3.
The results show that a failure would occur at 65% strain in the 
10mm wide specimens at at crack depth o f approximately 8mm.
A  constant value for K i c  was not found therefore the silicone 
foams do not follow  linear elastic fracture mechanics.
5.4.3. T E N S IL E  T E S T S  W I T H  C O N S T A N T  C R O S S L IN K IN G
It was found that samples o f foam ,( 0.49g/cm3), tensile tested 
with constant crosslinking additions but varying catalyst additions 
showed no trends in either tensile strength or elongation at failure with 
catalyst concentration. The variation o f tensile strengths and elongations 
at failure over the fu ll range o f catalyst concentrations was 4%. This 
value is within the confidence limits o f mean values.
The same variations in crosslinking additions for the 0.49g/cm3 
density foam  produced a 10% drop in the tensile strength, and a 34%  
reduction in elongation at break.
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5 .4 .4 .  D I M E N S I O N A L  S T A B I L I T Y
It was measured that change in dimensions o f the samples tested 
occurred.
5.4.5. C O M P A R I S O N  O F  P R O P E R T IE S  W I T H  U R E T H A N E  
F O A M S
It was found from the tensile test done on the high and medium  
density urethane foams with 3mm cracks that the average elongation at 
failure for the high density foam was 131% with a fracture strength o f 
0.076 N/mm2, and the average elongation at failure for the medium  
density foam was 95% with a fracture strength o f 0.062 N/mm2 . The 
greatest elongation at failure for any o f the cracked silicone foams was 
232%, ( 0 .49g/cm2 5 drops catalyst and crosslinker), and the lowest 
elongation 89%, (0.32g/cm2 10 drops catalyst and crosslinker). The 
greatest fracture strength for any o f the cracked silicone foams was 
0.340N/m m 2 (0.49g/cm 3 5 drops catalyst and crosslinker), and the 
lowest fracture strength 0.136N/mm2 (0.32g/cm3 10  drops catalyst and 
crosslinker).
5.4.6. O P T I C A L  E X A M I N A T I O N
General examination o f the silicone foam  under the optical 
microscope showed the foam  was an open celled foam, consisting of 
almost spherical cells, (figure 39).
It could be observed that small amounts o f partly dissolved, or 
undissolved, polystyrene was retained within some o f the cells. The 
proportion o f retained silicone was estimated to be approximately 8%.
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M agnification  x  4 0
Figure 39 Silicone foam cells. Magnification x 90
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5.5. D IS C U S S IO N
5.5.1 T E N S IL E  T E S T S
It was observed that all fractures o f the foams were perpendicular 
to the axis o f tension. Therefore the foams fa iled  via a tensile 
mechanism with no evidence o f direct shear contributing to failure.
W hen a foam is loaded the cell walls deform elastically. The load 
is transmitted through the foam as a set o f discrete forces and moments 
acting on cell edges, (figure 40).
F
given by cell wall bending. A s  the cell edges elongate the moment acting 
on them decreases.
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From the stress strain/curve for the silicone foams the limiting 
strain for cell wall bending is 15%, Foams which have extended shaped 
cells which, initially, lie at an angle to the axis o f tension w ill rotate 
towards this axis. The silicone foam cells were more spherical in shape 
and w ill therefore preferentially elongate in the direction o f applied  
load. Therefore, rotation effects o f cells w ill be minimal for the silicone 
foams tested.
For strains greater than 15% the cell walls extend axially. This is 
indicted on the stress/strain curve by a change in the modulus o f the 
foam. The extension o f the cell w all w ill continue until one o f the cell 
walls fractures. This w ill introduce a crack into the foam with the same 
length to that o f one cell length, (figure 41). The crack w ill propagate 
through the foam cell by cell. Each time a row o f cell walls along the 
crack front fractures the crack advances by one cell width. The crack 
w ill propagate until fracture occurs.
l i f l i u i i i i
4m  *  m
I '
F
Figure 41 Crack propagation through an open celled foam.
P a g e  100
This fracture mechanism is similar to the fracture mechanism for 
brittle foams which usually include "rigid” polymer foams which are 
linear elastic in tension right up to fracture, (therefore show no cell 
w all bending). Tensile failure fo r these foams can be treated by  
methods o f linear-elastic fracture mechanics 88,89,90,91,92,93. The cracked 
silicone foams tested were found to have stress strain curves which were 
near linear elastic right up to failure. H ow ever, in common with  
elastomer urethane foams a region o f plane strain would not be achieved 
along the main body o f the crack, therefore, linear elastic fracture 
mechanics would not apply.
The results show that there was a significant decrease in 
elongation at failure and tensile strength, for all foams, with an increase 
in catalyst and crosslinker additions. These results are related to the 
properties o f the bulk elastomer.
The tensile strength o f a solid elastomer is known to depend on 
molecular parameters such as the primary molecular weight95, (M W -  
dependent on catalyst addition), the m olecular weight between  
crosslinks, (M e )96*97*98, and molecular orientation and crystallisation 
induced by stretching99. Silicone rubbers do not show any significant 
crystallisation on orientation100, so this is not a factor effecting the 
tensile strength o f silicone rubbers. A s  long as the M W  is around twice 
the value o f M e there is no significant increase in the tensile strength o f 
the polymer with an increase in M W , and the effect o f M W  on tensile 
strength is predominant in rubbers that crystalise on stretching. The 
tensile tests done on the constant crosslinking specimens with varying 
concentrations o f catalyst, (hence varying M W ), showed no relationship 
between tensile strength and primary molecular weight. Therefore, 
M W  has little effect on the tensile strength for the silicones used, and
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the tensile strength o f the bulk polymer in this case depends essentially 
on the degree o f crosslinking.
It is known for solid elastomers that elongation at failure is 
related to the degree o f crosslinking o f the elastomer, (M e ). M e is the 
number average molecular weight o f  the network chains inclusive o f 
terminal, non active chains94. A s M e decreases, (i.e the polymer is more 
crosslinked), the average length o f chains between crosslinks decreases. 
Crosslinks act as pinning points along the siloxane chains and also 
between chains. This restricts movement o f the chains relative to one 
another, and also orientation o f the chains to the direction o f stress. 
Therefore, as the the amount o f crosslinker is increased the polymer 
chains being stretched effectively becom e shorter, and reach fu ll 
extension at lower elongations. Therefore, it would be expected that 
there would be a decrease in elongation with an increase in crosslinking.
A t very low  degrees o f crosslinking the network structure is not 
fu lly  form ed and chain slippage hence plastic flow  can occur on 
stretching, giving rise to permanent deformation o f the polymer when 
the load is released. Therefore, increasing the amount o f crosslinking at 
this stage w ill add to the strength o f the network. A  point w ill then be 
reached where a fully formed network is achieved and there w ill be no 
plastic flow. Subsequent increases in crosslinking decreases M e and the 
short highly stressed chains w ill begin to rupture. The load w ill then be 
passed on to its neighbours. I f  then any o f the neighbouring chains are 
unable to sustain the extra load they w ill also rupture. W hen the rupture 
o f one single chain gives rise to one or more o f its neighbours then a 
succession o f ruptures w ill occur and complete fracture o f the rubber 
w ill occur. Therefore, after a fu lly  form ed network is achieved  
increasing crosslinking results in more short highly stressed chains and 
give rise to a decrease in tensile strength with increasing crosslinking.
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It has been described that the fracture o f the silicone foams tested 
was initiated by the fracture o f a solid cell wall within the body o f the 
foam. The tensile strength, and elongation at failure o f the foams w ill 
therefore be primarily dependent on the properties o f the cell wall 
material. The decrease in tensile strength and elongation a failure found 
for the foamed silicone rubber then simply reflects the same trends 
shown by its parent solid elastomer with increases in crosslinking 
additions.
It was observed that, for any given amount o f crosslinking, the 
tensile strength o f the foams increased with increasing density. A s  the 
density o f a foam increases the amount o f polymer solid contained in a 
given volume, and hence cross sectional area o f solid polymer also 
increases. The tensile strength for a foam  is given by the force at 
fracture o f the foam divided by the original cross sectional area. The 
amount o f material contained within the cross sectional area o f the test 
specimens increased with increasing density. Therefore, larger forces 
were required to fracture the foams o f higher densities. For the foams 
tested the measured original cross sectional area remained constant for 
all densities. Therefore, an increase in tensile strength occurred which  
was proportional to the increase in density. This also gave rise to an 
increase in modulus which was also proportional to increasing density. 
This has been found for other open cell foam s101*102*103*104 from which 
the following equation was derived.
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E * =  Modulus o f the foam for cell wall bending.
Eg =  Modulus o f the solid elastomer.
P * =  Density o f the foam.
Ps =  Density o f the solid elastomer.
The silicone foams tested generally demonstrated this trend shown 
by this equation, (graph 15), although the value E*/Eg for 0.5 was 
approximately 15% higher than would be expected for the relationship 
to be completely linear. However, Values o f E*/Es were generally 40%  
higher than would be predicted by the square o f the relative density. It 
is possible that when the solid elastomer samples were produced small 
voids o f air were retained within the sample which act to reduce the 
modulus o f the solid material when the load was applied.
Graph 15 Graph o f E*/Es against P*/Ps.
(  N .B . solid line denotes E*/Es =  (P*/Ps)2)
It was observed that during manufacture o f the foam not all o f the 
polystyrene beads are dissolved away completely and small particles o f
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polystyrene were sometimes retained within the foam cells. This would  
act to stiffen the foam  when load is applied and give the foam  an 
increased modulus. This effect is not likely to be highly significant as 
differences o f this magnitude have been found for other foams tested106.
It was found that for a given density o f foam the range o f change 
in the tensile strength and elongation at failure fo r different 
crosslinking additions became greater with increasing density. Although  
the cross sectional area o f the test pieces was the same for all densities, 
the solid polymer retained within each area increased with increasing 
density, (as was discussed before). Therefore, when the crosslinking 
addition is changed this gives rise to a change in the solid polymer 
portion o f the specimen, (i.e. the solid polym er becom es less 
extendible). A s  there is more polymer retained within the higher density 
foams this gives rise to larger measured changes in the load and strain at 
failure o f the specimens for the higher density foams.
The graphs 11 to 14 relate density variation to changes in tensile 
strength and/or elongation at failure. The graphs generally have a 
fanned appearance with greater variations in properties, with different 
catalyst and crosslinker additions, shown by the higher density foams, 
(as discussed above). Some o f the gradients shown in the graphs are not 
regularly separated. This is most likely due to the range o f strength and 
elongation measurements obtained for each condition.
The spread o f measurements were due to three main factors, (as 
was discussed in section 5.4.2.). One factor was the variation between 
samples o f the amount o f polystyrene retained within the cell structure. 
Irregular mixing o f the catalyst and crosslinker during curing w ill cause 
variations in the repeatability o f  measurements. The cracked test 
specimens had 3mm cracks cut into them. Total uniformity between  
cracks would be difficult to achieve.
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The dimension stability tests done on the foam samples revealed 
that there was no change in the dimensions o f the samples with repeated 
extensions. This is consistent with the properties required for a cosmesis 
foam.
The maximum elongation found from the strain measurement in 
the knee area o f cosmesis foams was 65%. The tensile test results 
suggest that all o f the silicone foams tested in the uncracked condition 
would be able to operate at this strain without failure. However, in the 
cracked condition the elongation at failure is reduced significantly, for 
some foams, to values o f elongation at failure 30%-40% above the 65%  
m aximum value. Therefore, if  these foams are used as cosmesis 
m aterial and then becom e cracked or damaged the reduction in 
mechanical properties may lead to failure o f the foam. This suggests 
that some o f the silicone foams which are o f low  density, or heavily 
crosslinked may be unsuitable for use as cosmesis foams. However, the 
higher density, low er crosslinked foams, recorded elongations at 
failure up to 232%. This value is w ell in excess o f 65% and much 
greater than those values measured for the any o f the urethane foams 
previously tested. This suggests that these foams would be more suitable 
in a wear environment than the urethanes for use as cosmesis foams.
5.5.2. D IS C U S S IO N  O F  C O M P A R I S O N  W I T H  U R E T H A N E  
F O A M S
In the 3mm cracked condition the higher densities o f foam , 
(0 .41g/cm 3 to 0.49 g/cm^), which had low  crosslinking additions, 
(5 ,6 ,and 7 drops), had significantly greater elongations at failure than 
all o f the cracked urethane foams. The highest elongation at failure 
found for a cracked silicone foam  was 232%, (0.49 g/cm3 5 drops o f  
crosslinker), which compares to 131% for the same cracked samples o f
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high density urethane foam, the best o f all the foams currently used as 
cosmesis materials. This suggest that under notched conditions the 
silicone foam would fail at greater depths o f cracking.
The tensile strength o f the cracked silicone specimens, which  
showed greater than 131% elongation at failure, was also greater than 
the tensile strengths o f the urethane foams. Therefore, generally the 
silicone specimens showed a much greater resistance to cracking giving 
a much smaller relative decrease in mechanical properties compared to 
any o f the urethane foams. This strongly suggests that these foams 
would show more resistance to failure via a cracking/wear mechanism if 
used as cosmesis materials than their urethane counterparts, and this 
would promote the lifetime o f the cosmesis.
5.6. C O N C L U S IO N S
(1 ) A ll  o f the silicone foam s tested in the standard uncracked 
condition should easily be able to operate at 65% strain, as the 
elongations at failure were in excess o f this value.
(2 ) Increasing the density o f  the foam  leads to increases in 
stress/strain at failure o f both parallel sided and cracked samples. For a 
given crosslinker addition the increase shows good linear correlation.
(3 ) Minimising the amount o f crosslinker added for curing also leads 
to increases in stress/strain at failure o f both standard and cracked 
samples. Therefore the foam most likely to be successful as a cosmesis 
foam is the 0.49 g/cm3 with the lowest amount o f catalyst addition.
(4 ) A t the levels tested the amount o f catalyst addition has little effect 
on the mechanical properties o f the cured foam.
(5 ) The 3mm cracked higher density foams 0.41 g/cm3 to 0.49 g/cm3 
were found to have strains at failure well in excess o f those found for 
any o f the urethane foams. These foams are more crack resistant than
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any o f the urethane foams. It is therefore likely that these foams would  
have longer lifetimes if used as cosmesis foams.
( 6) The silicone foams have the dimensional stability necessary for 
use as cosmesis foams.
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C H A P T E R  S I X
6.F A T IG U E  T E S T IN G
The test results on the silicone foam material suggest that it is 
likely that the silicone material would have a longer lifetime with 
respect to cracking if used as a cosmesis material compared to urethane 
foams. In order to make a more direct comparison between the lifetimes 
o f the urethane and silicone foams, samples o f silicone foam  in various 
conditions were tested using the same fatigue test rig used to test the 
urethane foams.
6.1 E X P E R IM E N T A L  P R O C E D U R E
Test samples o f silicone foams were m oulded from  foam ed  
silicone elastomer and fatigue tested to failure using the fatigue testing 
machine (section 4). This was done at the same cycle rate as the 
previous testing.
The dimensions o f the test samples were 250mm X  35mm X  
10mm. From the tensile tests, the foams which appeared to have the 
most suitable properties were the higher density foams. Seven samples 
each o f foam  densities 0.49g/cm3, 0.45 g/cm3,and 0.39g/cm3, were 
tested using the fatigue test rig. The samples were made up with the 
lowest amount o f crosslinker needed for curing. Samples o f 0.49g/cm3 
foam  were also tested with high levels o f catalyst and crosslinker 
additions in order to assess if a decrease in lifetime would be observed.
It was noted that the highest density foam , with the lowest 
amount o f crosslinker addition, had the longest lifetime. Therefore, all 
further tests were done using the highest density foam.
It was also noted that the samples fa iled  via a cracking 
mechanism. The tensile tests conducted, (section 5.4.2.), on samples o f
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the same depth as the fatigue samples with cracks o f different sizes cut 
into them suggested that for 65% strain the samples would fail when the 
crack depth reached 8mm. The rate o f crack growth and the maximum  
crack depth achieved before failure was measured. This was done by  
observing the cracks progress through the sample being tested. The test 
rig was stopped periodically and the crack depth measured using a 
vernier plunge gauge.
It was found from  the fatigue test results conducted on the 
urethane foams that wear was the most significant factor in foam  
failure, and that the use o f protective netting, (  currently only used for 
the medium density foam ), was beneficial to the lifetimes o f the fatigue 
test samples, (section 4.2/4.3). The silicone foam can be skinned with 
with solid silicone polymer and to investigate the possibility that this 
would afford protection against wear, ten samples o f silicone foam  
wear made and skinned with 5g o f polym er on both sides o f the 
specimen and tested to failure on the fatigue test machine.
Ten samples o f 0.49g/cm3 density foam  with protective nets 
glued onto them, (using silicone polymer), were also fatigue tested in 
order to assess whether the use o f the protective net would produce a 
significant increase in fatigue lifetime, as was observed with the 
polyurethane foams, (section 4.2). The opposite side o f the specimen to 
the netted side was also skinned with 5g o f silicone polymer. This was 
done since if  the silicone material was to be used as an alternative 
cosmesis material it would be most likely that it would be skinned on the 
external surface o f the cosmesis, for aesthetic purposes, and also to 
make the cosmesis waterproof. Several methods were considered for 
applying the netting to the foam. It was found that the netting had to be 
applied on to the polymer skin surface o f the sample. Trying to apply
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the net in a laminated fashion between two layers o f polym er was 
unsuccessful as delamination occurred on testing.
In order to assess the effect o f the moulded patella piece on 
failure a further ten samples o f foam, 0.49g/cm3 both with and without 
protective netting, were fatigue tested using the smooth moulded  
cylindrical patella piece, (section 4.2).
It was noted that the high density polyurethane foam  could also be 
skinned with the silicone polymer. Therefore, samples o f high density 
foam  with protective netting on the side o f the sample in contact with 
the piston head and polym er skin on the external side o f the sample. 
Gluing the netting on with silicone rubber was found to be unsuitable.
A ll the results obtained were compared with the polyurethane test 
results in order to assess wether the silicone foamed polymer was more 
likely to be suitable for use as a cosmesis material.
6.2 R E S U L T S
The results o f the fatigue tests done on the silicone foam  samples 
o f different density are shown in table 1 2 .
It was found that the 0.49g/cm3 sample had a longer lifetime on 
the fatigue test rig than the other lower density foams.
It was found that increasing the crosslinking content o f the 
0.49g/cm3 samples reduced the lifetime o f the foam. Increasing the 
crosslinker content from  5 drops per 5g o f m ix to 10 drops o f  
crosslinker per 5g reduced the lifetime o f the foam by approximately 
30%.
It was observed that the failure mechanism for all the foams 
tested was the same as the mechanism found with the polyurethane 
foams. Failure was initiated by the leading edge o f the patella piece with 
the smallest radius o f curvature abrading and damaging the surface o f
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the foam, principally during the maximum extension phase o f the cycle. 
This lead eventually to cracking o f the foam in this area with the patella 
piece wedging into the cracked area o f the foam during the maximum  
phase o f the cycle, and then releasing itself from the crack during the 
minimum phase o f the cycle. This lead to significant damage to the 
specimens. Subsequent cycles increased the crack depth.
AVERAGE CYCLES TO FAILURE
AVERAGE 
CYCLES TO 
FAILURE
SILICONE
FOAM PATELLA PISTON HEAD
CYLINDRICAL 
PISTON HEAD
0.49 g/cm 3 
low 
c ro ss lin ke r
2882
with skin 
5045
with net and skin 
10806
without net 
4939
with net 
11931
0.49 g/cm 3 
high 
c ro ss lin ke r
1 2 0 1
0.45 g/cm 3 2130
0.39 g/cm 3 1681
POLYURETHANES
HIGH
DENSITY
698 with net 8137 without net 
2458
with net 11250
MEDIUM
DENSITY
88 with net 3356 without net 
1507
with net 4739
Table 12 fatigue test results for silicone foams in different conditions.
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The urethane samples fractured when the cracks reached critical 
depths. The cracks in the silicone foams penetrated the entire width o f 
the sample with a crack breadth o f approximately 1.5cm, leaving the the 
remaining material to support the sample, before failure occurred
The rate o f crack growth is shown in graph 16. The graph shows 
that an approximate value o f the rate o f crack growth is 0.06mm/10 
cycles. The crack growth is a factor o f ten smaller than than the lowest 
crack growth rate found in the urethane foams.
Graph 16 Rate o f crack growth in silicone foam, (0.49g/cm3).
A n  increase in lifetime was found when the foam  was skinned. 
The lifetime o f the 0.49g/cm3 foam  was increased by  75% to 5045 
cycles to failure when the foam was skinned on both sides.
W hen netting was added to the skinned foam  samples a further 
increase, to 10806 cycles, was found. This value is 3.7 times greater 
than the unprotected foam . The failure mechanism fo r the foam  
protected by polym er skin only was very sim ilar to the failure
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mechanism o f the unskinned foam. A s  with all the other foam samples, 
both silicones and urethanes, using the patella piece piston head the 
leading edge o f the patella piece could be seen abrading and cracking the 
foam during the maximum phase o f the cycle which eventually leads to 
failure. It was found as with the unprotected foam that the patella piece 
penetrated the full width o f the specimen before failure occurred giving 
rise to a fracture in the foam  around 1.5cm wide. The fracture was 
supported by the remaining material o f the sample. O n subsequent 
cycles the fracture broadened to around 2 cm until complete failure 
occurred. The patella piece could be seen w edging into and then 
releasing itself from the damaged area.
The skinned silicone foam with netting showed the same failure 
mechanism as the skinned foam. However, as with the urethane samples 
the netting did not permit the patella piece to wedge completely into the 
damaged area o f the foam during the maximum phase o f the cycle.
In common with the urethane samples the fatigue test life o f the 
samples was increased when the cylindrical piston head was used. The 
lifetime o f the 0.49g/cm3 , (without net), was increased by 71% when 
the cylindrical piston head was used. The tests done with the cylindrical 
piston head with samples with skin and netting showed only a small 
increase compared to samples tested in the same condition using the 
patella piston head.
The samples o f urethane foam  tested with a 5  gram layer o f 
silicone skin on external side o f the sample, and with netting glued to 
the surface in contact with the piston head had an average number o f  
cycles to failure o f 8550. This was the average number o f cycles for 
complete fracture o f the sample. It was found that the urethane portion 
o f the foam  fracture completely at around 7850 cycles via the same 
mechanism as was seen fo r urethane samples with netting in the
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previous fatigue sections work. However, complete failure was not 
achieve until the polymer skin was fractured and this took on average a 
further 800 cycles.
6.3 F A T IG U E  D IS C U S S IO N
It was found that in common with the urethane samples abrasive 
wear by the piston head was found to be the most significant factor in 
failure o f the silicone foams when the patella piston head was used. This 
is supported by the the samples tested using the cylindrical piston head 
which gave increases in lifetimes for all the foam conditions .
It was found that the highest density foam with the lowest amount 
o f crosslinker addition had the longest lifetime when tested on using the 
patella piece piston head. This behaviour supports the tensile tests done 
on the silicone material which found that this foam  had the greatest 
tensile strength and elongation at failure in both the cracked and 
uncraeked.
The average number o f cycles to failure for the 0.49g/cm3 with 
low  crosslinker additions and no protection, tested with the patella 
piston head, had a four times greater resistance than any o f the 
urethane foams tested under the same conditions. Therefore, the basic 
foam  is potentially more suitable as a cosmesis foam  than any o f the 
urethanes.
At the current time the patella piston head is incorporated into the 
design o f artificial limbs, and netting is only applied to the medium  
density foam. The most fatigue resistant urethane foam  tested in a 
condition currently used in cosmesis production is the medium density 
foam  with netting, (3356 cycles to failure). The skinned silicone foam  
with netting had a fatigue lifetime o f 10806. Therefore, if  the silicone 
foam with net was used in cosmesis production it would be expected to
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have a greatly increased lifetime compared to any o f the urethane 
foams in conditions currently used.
The most fatigue resistant urethane foam tested in any condition 
was the high density urethane with netting. The silicone foam with net 
and skin was 33% more resistant than the high density urethane foam in 
this condition. Whether the increase is sufficiently large to recommend 
a change in cosmesis material w ould  most likely depend on the 
comparative costs o f the silicone and urethane foams.
The current rate o f failure o f cosmeses is not recorded by Vessa 
Ltd.. The cost o f materials, labour time, and fitting for the cosmeses 
currently used has not been released by Vessa Ltd. The materials cost o f 
the silicone foam is difficult to assess as only small batches o f polymer 
and beads were purchased. The price o f the materials bought on a such a 
small scale would not be representative o f large scale industrial costs. 
Therefore, it can not be estimated wether the use o f the silicone foam as 
a cosmesis material would be more cost effective than the foams 
currently used.
In each case the performance o f the silicone foam  is most 
noticeably better than any urethane foams when the tests were carried 
out in the more abrasive environment, (without skin or netting). In the 
tests carried out with the lowest potential for wear, (cylindrical piston 
head with skin and/or netting), the performance o f the high density 
urethane and silicone foams are similar. This suggests that the silicone 
foam has increased wear resistance compared to the urethane but o f the 
same order o f fatigue resistance.
The rate o f crack growth per cycle in the 0.49g/cm3 silicone 
foam , (w ithout protection), w ith low  crosslinker additions was 
approximately ten time less than the rate o f crack growth found for the 
high density urethane foam in the same condition. This also suggests that
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the silicone foam  has increased wear resistance compared to the 
urethane foams.
This is generally supported by the tensile tests which found that 
the silicone foam was more resistant to cracking than the high density 
urethane foam. However, in the undamaged condition the urethane foam  
showed much greater strains at failure than the silicone foam . 
Therefore, it would be expected that the urethane foam  would perform  
comparatively better when damage was limited.
The silicone material was selected fo r investigation fo r its 
suitability as a cosmesis material after an extensive international 
materials search. The silicone foam  was found to be more wear 
resistant, and had longer lifetimes than any o f the urethane foams when 
tested on the test rig. This suggests that it would be valid to pursue the 
commercial production aspects o f the foam.
6.4. C O N C L U S I O N S
(1 ) The failure o f the all the foams tested using the patella piece 
piston heads was caused predominantly by the effect o f wear induced 
cracking o f the foams which leads to failure.
(2 ) The highest density foam with the lowest amount o f crosslinker 
addition was the most resistant foam. This supports the tensile test 
results on silicone foams.
(3 ) The silicone foam alone has four time more resistance to failure 
than any o f the urethane foams tested under the same conditions.
(4 ) Silicone foam with net and skin has approximately a three times 
greater lifetime than any o f the urethanes tested in condition currently 
used in the production o f cosmeses.
(5 ) The silicone foam  with net and skin has a life time one third 
greater than any o f the urethane foams tested in any condition.
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( 6) The improved performance o f the silicone foam compared to the 
the urethane foams suggests that it would be valid  to pursue the 
commercial production aspects o f the silicone foam.
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C H A P T E R  S E V E N
7. L E G  M E A S U R E M E N T  
A P P R O A C H
A t the present time leg cosmeses are shaped individually by hand 
from  precored foamed tubes. During this process much material is 
lost as waste. I f  it could be shown that a significant proportion o f legs, 
both male and female, are o f similar size and shape then limbs could be 
parameterised with view  to a series o f moulds being built to produce 
cosmeses in a range o f sizes that could be fitted directly to the artificial 
limb. It would be hoped that the prosthetist, (the limb fitter), would be 
able to make a short series o f key measurements which would enable 
him to select an appropriate mould size. This would remove the need 
for much o f the labour intensive shaping, with the advantage o f reduced 
material waste. The literature contained insufficient detailed data, on 
leg measurements. Therefore, the size and shape o f 84 legs, (30 female 
and 29 male, subjects with no abnormalities, and 25 male amputees), 
were measured in order to investigate what similarities, if any, between 
them could be found.
7.1. E X P E R IM E N T A L  P R O C E D U R E
7.1.1. S U B J E C T S
Fifty nine people participated in the first study, twenty nine male 
and thirty female. A ll  the subjects were adults with no obvious physical 
abnormalities, and were all students or staff at the university. Their ages 
ranged from 18 to 59. The leg measurements were repeated for 25 male 
single amputee patients from  the limb fitting centre at Queen Mary's 
University Hospital in Roehampton, whose ages ranged from 28 to 72.
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This was done in order to assess the similarities between the size and 
shape o f legs o f amputees and non amputees.
7.1.2. A N T H R O P O M E T R IC  M E A S U R E M E N T S
Six circumferential measurements o f the legs along with their 
corresponding anterior/posterior, and m edial/lateral widths were  
recorded. W here the terms minimum and maximum are used this 
applies to the minimum or maximum circumferential measurement. The 
circumferential and width measurements were taken at the follow ing  
places, (figure 42)
( 1 ) Ankle minimum.
( 2 ) C a lf maximum.
(3 ) Minimum below  the knee.
(4 ) Knee maximum.
(5 ) Minimum above the knee.
( 6) f  ifteen centimetres above knee maximum.
These measurements were chosen as the minimum to define leg 
shape, and are consistent with measurements sites which have been used 
to determine segmental leg volume, and leg masses107-108.
A ll  the measurements were taken with the patients standing erect 
with their feet slightly apart. The sites were first marked with sticking 
tape 2mm wide. A ll  the circumferential measurements were taken with 
a soft tape measure. A ll  the width measurements were taken with a 
specially made caliper device, which was clamped to a retort stand so as 
to be perpendicular to the leg and mobile in the vertical direction. The 
jaws o f the caliper device were opened to be sufficiently wide to enable 
the subject to stand with their leg between the jaws. The calipers were
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then moved vertically to be coincident with any desired marked 
measurement site. The jaws were then closed to just touching either side 
of the leg. the distance between the jaws was then measured with a 
vernier callipers.
THIGH
ABOVE KNEE MINIMUM 
KNEE MAXIMUM
BELOW KNEE minimum
CALF MAXIMUM
ankle minimum
Figure 42 location of measurement sites.
Two leg lengths were also taken in this part of the study. These 
were:-
(1) The vertical distance between the knee maximum and ankle 
minimum.
(2) The vertical distance between the calf maximum and ankle 
minimum.
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The measurements were taken using two pointers which were both 
clamped to a retort stand and able to move vertically, (figure 43). The 
subject stood adjacent to to the retort stand. The pointers were moved  
vertically so as to be perpendicular to the desired marked measurement 
sites, and the distance between them measured with a vernier.
Other measurements taken were the subjects height, weight and 
shoe size.
vortical distance 
measured between 
pointers
F ig u r e  4 3  L e g  le n g th  m e a s u r e m e n ts .
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7.2. P H O T O G R A P H IC  M E A S U R E M E N T S
A fter each subject had been measured photographs o f  each 
subject’s legs were taken. The subject stood between two measuring rods 
which were "T " shaped, and had been clearly marked vertically and 
horizontally every 5cm, (figure 44). They rested squarely on the 
ground, approximately one metre apart. The measuring rods were  
placed square to and equidistant from the camera. The rods were used 
to give a scale in both the horizontal and vertical direction on the final 
photograph.
n
m e a s u rin g
rod
□ a o D
/
I /
\ I /
\ l /
cam era
F ig u r e  4 4  S e t  u p  f o r  p h o t o g r a p h ic  m e a s u r in g .
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T w o  photographs o f each subject were taken. One photograph 
was taken o f the subject standing between the two rods with the subjects 
anterior facing the camera, with the medial/lateral plane o f the subjects 
mid leg coinciding with the vertical axis o f the measuring rods, (figure 
45).
-
F ig u r e
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4 5  A n t e r i o r  v i e w  p h o to g r a p h .
The subject then turned through 90 degrees and a further 
photograph was taken with the anterior/posterior plane o f the subjects 
mid leg coinciding with the vertical axis o f the rods, (figure 46).
F ig u r e  4 6  L a t e r a l  v i e w  p h o to g r a p h .
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7 .2 .1 .  L E G  M I D  P O I N T  D I S P L A C E M E N T S
Leg markers were placed on the anterior leg v iew  photograph. 
These were placed at the mid points o f the medial/lateral widths at each 
o f the six designated measurement sites. Another set o f leg markers 
were placed on the lateral view  photograph. These were placed at the 
m id point points o f the anterior/posterior widths at each o f the 
measurement sites. This was done for all three sets o f photographs.
On all the sets o f photographs straight lines were drawn joining 
the ankle minimum mid point to the below  knee minimum mid point. 
The horizontal displacements from this reference line o f  the mid points 
o f the calf maximum, knee maximum, and thigh were measured. This 
was done using the scale marked on the measuring rods.
7.2.2. D IS T A N C E S  B E T W E E N  S IT E S  A N D  A D D I I T I O N A L  
L E G  W ID T H  M E A S U R E M E N T S
The photographs taken o f each subject who participated in the leg 
measurement study were taken and the distances between measurement 
sites were measured.
Additional anterior/posterior and medial/lateral widths were also 
measured from  the photographs at sites between the six main 
measurement sites, (figure 47). The additional sites were chosen so as to 
divide the following segments into equal halves
(1 ) Thigh measurement site and above knee minimum measurement 
site.
(2 ) A bove knee minimum measurement site and knee maximum  
measurement site.
(3 ) Knee maximum measurement site and be low  knee minimum  
measurement site.
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The following segment was split into equal thirds:-
(4 ) Below  knee minimum to calf maximum.
One further site was selected:-
(5 ) One third o f the mean segment length o f calf maximum to ankle 
minimum below  the calf maximum.
KNEE
knee
additional
measurement
sites
Figure 47 Location o f sites for additional width measurements.
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THIGH
ABOVE
CALF
ANKLE
KNEE
BELOW
7.3. S T A T IS T IC A L  T R E A T M E N T  O F  M E A S U R E M E N T S
7.3.1. H IS T O G R A M S
A  histogram o f each set o f measurements was drawn in order to 
find the type o f distribution o f measurements. The mean, standard 
deviation and range o f each set o f measurements was found.
7.3.2. C O R R E L A T I O N  C O E F F IC IE N T S  A N D  R E G R E S S IO N  
E Q U A T I O N S
The correlation coefficient gives a quantitative value to the 
relationship between two variables. I f  two variables, (i.e. X  and Y ),  are 
completely dependent on each other they w ill have a correlation o f 1 , 
(perfect positive relationship), or -1 ( perfect negative correlation). I f  
there is no relationship at all between the variables then the correlation 
w ill be 0 .
The calculation o f the correlation coefficient is a standard 
calculation which is briefly described here. The correlation coefficient 
(R ) is found for two variables X  and Y  by first tabulating X -Y  pairs 
into two columns. The averages o f X  and Y  is found, denoted as X  and 
Y , where;-
y  E X  ^  EY  X = ------ and Y = —
N N
The sum o f the X 2 and Y 2 values, and the sum o f the xy pairs 
multiplied together must also be calculated.
The entity, Sum o f d2(X ), is found defined as:-
X d 2(X) = X x *  -
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The corresponding, sum o f d2(y ), is also found:-
I d 2 ( Y )  =  l Y 2 -  ^
The entity, sum o f d (x )d (y ), is calculated and defined as:- 
£ d (X ) d(Y) = £ X Y  - I (X 1T ° °
The correlation coefficient is then given by:-
R I (d (X )d (Y ))
( I d 2(X) I d 2(Y))^2
Once the correlation coefficient has been found a quantitative expression 
relating X  and Y  can be found. This is called the regression equation. 
The regression equation is given by:-
_  X (d (X )d (Y ))
Y  = Y  + f (X -X ) where 2d*(X )
The correlation coefficients between circum ferences and 
diameters, and between leg lengths and heights were calculated for 
male and female subjects.
The correlation coefficients were compared with a statistical table 
used in biological and medical research109 which gives information on 
the probability that any relationship found between two variables, as 
indicated by the correlation coefficients, is a true relationship and not a 
chance relationship. From the table it is found that the probability o f  
any correlation greater than 0.597 occurring by chance is greater than 1
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in 1000 for the degrees o f freedom  o f measurements taken. Any  
correlation greater than 0.597, (0.001 confidence level), is generally 
regarded as "certain" by anthropometists110. Correlations between 0.487 
and 597 have a 1 in 100 probability o f occurring by  chance. Any  
correlation less than 0.323 can not be regarded as significant correlation 
at any level.
7.3.3. C O M P A R I S O N  B E T W E E N  A M P U T E E  A N D  N O N  
A M P U T E E  S U B J E C T S
Tests were conducted to assess if there was significant differences 
between the volunteer populations o f amputees and non amputees. The 
tests used were "t" tests. The "t" test gives a numerical estimate o f the 
significance o f results. I f  two results X a and Xb are calculated from N a  
and N b  measurements taken, (N a  and N b  -num ber o f  measurements 
taken to find X a and Xb respectively), and have standard deviations o f  
S D a and SDb respectively, then:-
Witih the value "t" calculated, and via the use o f statistical tables111, it is 
then possible to evaluate to what extent X a differs from Xb. This is done 
with respect to the numbers o f degrees o f freedom o f the population. 
For a set o f N  measurements the numbers o f degrees o f freedom would  
be (N - l ) ,  in this case the number o f degrees o f freedom is (N a +  Nb -2).
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7 .3 .4 .  C O M P A R I S O N  O F  E X P E R I M E N T A L  D A T A  W I T H
P U B L IS H E D  D A T A
If  a moulding system is to be built using the experimental data 
from the sample populations measured it is necessary to confirm that the 
sample groups measured were not significantly different from  the 
general population. M any o f the experimental measurements taken in 
this study have not been taken in other larger studies. However, some 
common measurements have been taken and these can be compared. It 
is assumed that if  these measurements do not differ significantly, and the 
experimental samples are found to be generally representative, then the 
measurements exclusive to this study are also likely to be representative 
measurements.
The correlation coefficients between circumferences obtained 
experim entally were compared with correlation coefficients from  
patient data supplied by Vessa L td .112, and data from  the U .S . A ir  
Force113. Correlation coefficients between height and circumference, 
and height and knee height were also compared114.
The means and standard deviations experimentally found for 
height, c a lf circum ference, and ankle circum ference were also  
compared with published data. The experimental measurements were 
compared with measurements from other studies on both military and 
civilian subjects shown in references 115 to 128, (fem ale ), and 
references 129 to 152, (male).
W hen  com paring the measurements o f parameters from  a 
comparatively small experimental population with measurements o f the 
same parameters from the large sample populations o f  the published  
data it is appropriate to use a variance ratio. The variance ratio 
obtained from two samples is denoted by F, after R .A . Fisher153 who  
investigated its distribution. For normal distributions it provides a
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means o f testing whether, within specified limits , the two samples could 
be drawn from the same population.
F is defined as
F =  Greater estimate o f the variance o f the population =  S i2 
Lesser estimate o f the variance o f the population S22
W here S i and 82 am the standard deviations o f two samples, sample 1, 
and sample 2 .
I f  two sample populations were taken, compared, and found to 
have identical distribution characteristics the ratio o f their variances 
w ould  be 1 , and the two samples can be drawn from  the same 
population. However, values o f greater than 1 occur. W ith  the use o f  
tables it can still be said within certain confidence limits that the two 
samples can be drawn from the same population. The confidence limits 
given are at the 95% and 99% levels153. Differences in distributions can 
occur by chance, and the maximum F  value permissible at any level is 
defined by  the numbers o f degree o f freedom o f each sample. The 
larger the sample populations the closer to 1 the maximum acceptable F  
becomes.
7.4. T H E  A V E R A G E  L E G
The average mid point displacements from the ankle mid point to 
be low  knee mid point reference line o f both the medial/lateral and 
anterior/posterior mid points at each measurement site is known for all 
subjects. The average leg widths in both the anterior/posterior and 
medial/lateral direction at each measurement site is also known from the 
measurement data.
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Using the information a cross sectional representation through 
the leg at each o f the measurement sites was drawn for the average limb 
for both males and females.
The circumferential cross sections were drawn from using 
fou r points, (from  the w idth  m easurem ents), and know n  
circumferential measurements. It was recognised that i f  the sections 
were to be used as basis for moulding system four points may be 
insufficient for an accurately shaped section. Therefore, more detailed 
cross sections were obtained from  six male subjects and five female 
subjects with no physical abnormalities. The circumferential sections 
produced were then scaled so as to fit the medial/lateral and 
anterior/posterior maximum widths found for each measurement site 
from  the leg measurement work. This provided more detail on the 
shape o f sections at each measurement site.
The male circumferential sections obtained were compared to the 
relevant sections found from male cadaver, (lying supine on a table), 
obtained by photographing leg sections154. Similar female data could not 
be found. Literature which contains leg cross sections with the subjects 
standing erect was also not available.
The more detailed sections were found by wrapping strips o f 
warm ed thermoplastic polym er around the subjects limbs at the six 
circumferential measurement sites. The polymer was allowed to cool 
and harden giving a sculptured shape o f limb sections. The section 
shapes were traced and measured, and scaled. The fu ll procedure for 
obtaining the more detailed sections is shown in appendix 1 .
This work was conducted by and M Sc student under supervision 
o f the author155.
A s  the average leg lengths were also measured the distances 
between cross sections can be related.
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7.5. R E S U L T S
7.5.1 A N T H R O P O M E T R IC  M E A S U R E M E N T S
Anthropometric measurements o f the fifty nine subjects with no 
abnormalities, and twenty five amputees were taken. The tables o f  
results are given in appendix 2 .
7.5.2. L E G  M ID  P O IN T  D IS P L A C E M E N T S
The displacements o f the leg mid points medially/laterally, and 
anteriorly/posteriorly from the mid ankle to mid below  knee reference 
direction for both male groups and females are shown in tables 13, 14 
and 15.
The results show that fo r the anterior v iew  above the knee 
maximum the mid points were displaced more laterally for the female 
subjects when compared to the male subject groups. The difference 
between mid points generally became more pronounced moving up the 
limb.
The location o f the knee maximum mid point was fairly consistent 
for all three subject groups with the average mid points found for each 
covered by a range o f 3mm.
The female calf maximum mid point was located at the same 
position as the male non amputee calf mid point, and 2 mm laterally o f 
the amputee calf mid point.
The ranges o f  m id point locations w ere found to be 
approxim ately the same fo r both the male and fem ale subjects. 
Comparison o f the two sets o f male measurements showed that all o f the 
mid point displacements were found to be within 3mm o f each other 
with the male amputee measurements tending to be displaced less from  
the mid ankle to mid below  knee direction.
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mid ankle to mid 
below knee direction 
/ KMEDIAL
THIGH 24 4- ■8
ABOVE KNEE 
MINIMUM
KNEE
MAXIMUM
BELOW KNEE 
MINIMUM
214— 12—>3
LATERAL ANTERIOR
mid ankle to mid 
below knee direction 
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■>9 504- 42
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MAXIMUM
ANKLE
MIMIMUM
1 4” 6 ”4 l 1
displacements /mm
ANTERIOR VIEW
35 4- ■21 ”47
23 <£—1 6 — ^ 8
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54 1 1  -4 |  7
displacements /mm
LATERAL VIEW
^  between arrow heads indicates range
-mean —------^  mean displacement
T a b l e  13 L e g  m id  p o in t  d is p la c e m e n t s  f o r  m a le  s u b je c ts  a n t e r io r ,  a n d
la t e r a l  v i e w .
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m id a n k le  to  m id
b e lo w  k n e e  d ire c t io n
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MAXIMUM
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between arrow heads indicates range
^ --------- mean— —^  mean displacement
T a b l e  14  L e g  m id  p o in t  d is p la c e m e n t s  f o r  f e m a le  s u b je c ts  a n te r io r ,  a n d
la t e r a l  v i e w .
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The results for the displacements in the lateral v iew  show that 
above the below  knee minimum the mid points were displaced more 
anteriorly for the female subjects compared to the male subjects. This 
effect became more pronounced moving up the limb.
The average calf displacement for the female subjects was the 
same as the male subjects and 2 mm more than the male amputee 
measurement. The ranges o f the mid points were found to be generally 
slightly larger fo r the fem ale subjects. A l l  o f the male amputee 
displacement measurements were within 2mm o f the male non amputee 
measurements, with these measurements being displaced less from the 
reference axis.
7.5.3. D IS T A N C E S  B E T W E E N  S IT E S  A N D  A D D I I T I O N A L  
M E D I A L / L A T E R A L .  A N D  A N T E R I O R  P O S T E R I O R  
W ID T H S
The results o f the distances between sites, and the additional 
width measurements are shown in tables in appendix 3 and 4.
7.6. S T A T IS T IC A L  M E A S U R E M E N T S
7.6.1. H IS T O G R A M S
Typical histograms o f each set o f measurements taken are shown 
in figure 48. For a normal distribution the mean, mode, and median o f 
a set o f measurements are coincident and three standard deviations 
either side o f the mean value covers all o f the measurements. It was 
found generally that for all subject groups the sets o f measurements 
taken showed normal distributions.
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Figure 48 Typical histograms from leg measurement results.
7.6.2. M E A N .S T A N D A R D  D E V I A T I O N  A N D  R A N G E
The average, standard deviations and ranges for each set o f  
measurements are given in tables 16, (fem ale), 17, (m ale), and 18 
(amputees, male).
The female thigh measurements were on average greater than the 
circumferential measurements for the male subjects, ( + 1 .8% compared 
to males), but the same as the male amputee subjects. However, all the 
male circumferential measurements, (both amputees and non amputees), 
below  the thigh were found to be greater than the female measurements, 
(up  to 8 .8% ). The standard deviations o f  each o f  the sets o f  
m easurem ents w ere d iv ided  by  their corresponding mean  
measurements. This was done in order to normalise the spread o f  
measurements and hence allow for direct comparison between
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measurements. The ratio o f the standard deviations with their means for 
the circumferential measurements were found to be between 4.9% and 
5.6% for the male subjects, between 4.6% and 6.2% for the female 
subjects, and between 6.2 % and 8.8% for the male amputees, o f their 
corresponding averages.
The medial/lateral widths from the thigh to below  knee minimum  
were found to be greater, (up to 3.8% greater), for the female subjects. 
The male, and male amputee, calf maximum and ankle minimum widths 
were found to be greater than for the female subjects, (between 1.7%  
and 2 .7% ). The standard deviations o f the medial/lateral width  
measurements when given as a ratio against their averages were found 
to be between 6.3% and 7.2% for males, between 4.7%  and 7.1% for 
females, and between 7%  to 9.6% for the male amputee subjects.
A ll  o f the male anterior/posterior leg widths both amputees and 
non amputees apart from one thigh width was found to be greater than 
the respective female measurements, (between 0.6% and 7.8% larger). 
The female thigh width was 1.9% larger than the male non amputee 
thigh width.
The standard deviations o f the anterior/posterior widths ranged 
from  5.2% to 6.7% for males, from  5.6% to 6 .6% for females, and 
between 7.1%  to 9.4%  for the male amputees o f  their respective 
averages.
The male subjects were on average 6.3% to 7.2% taller than the 
females, with their leg length measurements being up to 5.7% larger. 
The standard deviations ofthe leg length measurements for the male 
subjects, and male amputee subjects when given as a percent o f 
their averages were between 8.5% and 10.2%, and 7.1% and 
9.5% respectively. The standard deviations o f the female leg length
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measurements when given as a percent o f their averages were between 
5.4% and 7.6%.
A ll  the male amputee measurements were the same or greater 
than the male non amputee subjects
It was found from  taking width measurements from  artificial 
limbs worn by amputee subjects taking part in the study and comparing 
these measurements with the width measurements o f  their remaining 
legs that the the artificial limb widths differed, (usually larger), from  
their owners whole limbs by up to 24% and generally by 13% to 18%.
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MEAN S.D. RANGE
COMP. TO 
EXP MEN
COMP. TO 
AMP MEN
AGE 2 2 7.6 1 8 -55
HElGHT/cm 165 6.0 153-178 -6.3% -7.2%
WEIGHT/kg 60.3 5.58 52 -7 4
SHOE SIZE 5.7 0.88 3.5-8.5
CIRCUMFERENCES/cm
THIGH 47.6 2.94 42.3-54.2 +1.7% 0%
ABOVE KNEE MIN 39.1 2.38 35.0-43.4 0% -4.9%
KNEE MAX 36.7 2.05 33.1-39.6 - 1 .6% -6.5%
BELOW KNEE MIN 34.2 1.92 30.6-38.1 -0 .8% -3.2%
CALF MAX 36.1 1.92 32.2-39.8 -3.6% -4.2%
ANKLE MIN 2 2 .2 1 .0 2 20.0-23.9 -2.7% -8 .8%
MEDIAL LATERAL WIDTHS/cm
THIGH 13.7 0.97 12.1-15.7 +1.5% +1.5%
ABOVE KNEE MIN 1 2 . 1 0.70 11.0-13.4 +3.4% 0%
KNEE MAX 1 1 . 6 0.78 10.0-12.9 +1 .8% +1 .8%
BELOW KNEE MIN 10.8 0.77 9.1-12.7 +3.8% +0.9%
CALF MAX 11.3 0.68 10.2-12.7 -2 .6% -2.7%
ANKLE MIN 5.7 0.27 5.1-6 .2 -1.7% -3.5%
INTERIOR/POSTERIOR WIDTHS/cm
THIGH 16.0 1 .0 2 14.0-17.2 +1.9% -0 .6%
ABOVE KNEE MIN 1 2 .6 0.83 11.2-13.9 -0 .8% -6.3%
KNEE MAX 1 1 . 8 0.69 10.6-13.1 -6.3% -9.3%
BELOW KNEE MIN 10.6 0.63 9.7-12.0 -7.8% -11.3%
CALF MAX 11.5 0.63 10.4-12.7 -3.4% -4.3%
ANKLE MIN 7.7 0.43 7.0-8.9 -2.5% -5.2%
LEG LENGTHS
KNEE TO ANKLE 33.6 1.82 31.2-37.0 -2.3% -5.7%
CALF TO ANKLE 19.1 1.46 17.1-21.6 0% -5.2%
T a b l e  16  S u m m a r y  o f  f e m a le  l e g  m e a s u r e m e n ts .
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MEAN S.D. RANGE
COMP. TO 
EXPWMN
COMP. TO 
AMP MEN
it ii
AGE 34.4 14.4 1 9 -5 9
HEIGHT/cm 176.0 7.2 160-187 +6.3% 0.6% 0.51
WEIGHT/kg 73.2 7.2 6 0 -9 0
SHOE SIZE 8.7 0.93 7-1 1
CIRCUMFERENCES/cm
THIGH 46.8 2.60 39.0-51.1 -1.7% -1 .7 5 0.88
ABOVE KNEE MIN 39.1 2.15 34.7-44.3 0% -4.8% 2.23
KNEE MAX 38.1 1.85 35.6-43.0 +1 .6% -2 .6% 1.69
BELOW KNEE MIN 34.5 1.89 31.8-37.5 +0.8% -2.3% 1.29
CALF MAX 37.4 2.06 34.9-43.3 +3.6% -0.5% 0.29
ANKLE MIN 2 2 .8 1.15 19.8-25.5 +2.7% -0.9% 0.52
MEDIAL LATERAL WIDTHS/cm
THIGH 13.5 0.77 12.1-15.1 -1.5% 0% 0
ABOVE KNEE MIN 11.7 0.76 9.8-12.8 -3.4% -3.4% 1.67
KNEE MAX 11.4 0.82 10.1-13.4 - 1 .8% 0% 0
BELOW KNEE MIN 10.4 0.66 8.8-11.4 -3.8% -2.9% 1.25
CALF MAX 1 1 . 6 0.73 10.3-13.4 +2 .6% 0% 0
ANKLE MIN 5.8 0.41 4 .8 -6.8 +1.7% -1.7% 0.74
ANTERIOR/POSTERIOR WIDTHS/cm
THIGH 15.7 1.06 12.5-17.8 -1.9% -2.5% 1.18
ABOVE KNEE MIN 12.7 0.81 10.9-14.6 +0.8% -5.5% 2.38
KNEE MAX 1 2 .6 0.68 11.3-13.9 +6.3% -2.3% 1.35
BELOW KNEE MIN 11.5 0.59 1 0 .6- 1 2 . 2 +7.8% -2 .6% 1.46
CALF MAX 11.9 0.70 10.3-13.5 +3.4% -0 .8% 0.45
ANKLE MIN 7.9 0.44 7.1-8.9 +2.5% -1.7% 1.23
LEG LENGTHS
KNEE TO ANKLE 34.4 2.91 30.1-40.5 +2.3% -3.2% 1.49
CALF TO ANKLE 19.1 1.94 14.4-22.4 0% -5.2% 1.90
T a b l e  17 S u m m a r y  o f  m a le  l e g  m e a s u r e m e n ts .
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MEAN S.D. RANGE
COMP. TO 
EXPWMN
COMP. TO 
EXP MEN "t"
AGE 54.0 13.9 2 8 -7 2
HEIGHT/cm 177.0 7.1 162.5-193 +7.2% +0.6% 0.51
SHOE SIZE 8.5 0.95 7-1 1
CIRCUMFERENCE 3/cm
THIGH 47.6 3.58 43.0-50 .7 0% +1.75 0.88
ABOVE KNEE MIN 41.0 3.62 36.0-47.8 +4.9% +4.8% 2.23
KNEE MAX 39.1 2.41 35.8-45.8 +6.5% +2 .6% 1.69
BELOW KNEE MIN 35.3 2.55 31.6-40.0 +3.2% +2.3% 1.29
CALF MAX 37.6 2.81 33.2-42.7 +4.2% +0.5% 0.29
ANKLE MIN 23.0 1.58 19.0-25.2 +8.8% +0.9% 0.52
MEDIAL LATERAL WIDTHS/cm
THIGH 13.5 1.05 12.1-16.4 +1.5% 0% 0
ABOVE KNEE MIN 1 2 . 1 0.96 10.9-13.8 0% +3.4% 1.67
KNEE MAX 11.4 0.80 10.4-13.2 +1 .8% 0% 0
BELOW KNEE MIN 10.7 1.03 9.6-12.2 +0.9% +2.9% 1.25
CALF MAX 1 1 . 6 1.03 1 0 .2 - 1 2 . 8 +2.7% 0% 0
ANKLE MIN 5.9 0.56 5.2-7.2 +3.5% +1.7% 0.74
INTERIOR/POSTERIOR WIDTHS/cm
THIGH 16.1 1.37 13.2-19.0 +0.6% +2.5% 1.18
ABOVE KNEE MIN 13.4 1.26 11.9-15.6 +6.3% +5.5% 2.38
KNEE MAX 12.9 0.91 11.8-14.6 +9.3% +2.3% 1.35
BELOW KNEE MIN 1 1 . 8 0.87 9.8-13.3 +11.3% +2 .6% 1.46
CALF MAX 1 2 .0 0.91 10.7-13.3 +4.3% +0.8% 0.45
ANKLE MIN 8.1 0.70 7.3-9.1 +5.2% +1.7% 1.23
LEG LENGTHS
KNEE TO ANKLE 35.5 2.52 32.7-40.7 +5.7% +3.2% 1.49
CALF TO ANKLE 20.1 1.90 17.1-24.1 +5.2% +5.2% 1.90
Table 18 Summary o f male amputee leg measurements.
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7.6.3. C O R R E L A T I O N  C O E F F IC IE N T S
The correlation coefficients for circumferences on medial lateral 
widths are given in table 19 and in graphs 17 to 34.
A ll  the correlations found for circumferences on medial/lateral 
widths were greater than the 0.597 minimum correlation o f the 0.001 
confidence level. Therefore, the relationships can be regarded as 
"certain" relationships. Strong positive correlation was found between  
all circumferences and their respective medial/lateral widths. The male 
correlations ranged from 0.84 to 0.87, the females 0.76 to 0.94, and the 
male amputees from 0.83 to 0.95.
The regression equations associated with each correlation o f  
circum ference on m edial/lateral w idth are show n with their 
corresponding graphs. The regression equation is an expression that 
relates the two variables. W ith  the knowledge o f one variable it is 
possible to predict the value o f the other.  _ _ _ _
MALE 
COR COEFF
MALE AMP. 
COR COEFF
FEMALE 
COR COEFF
THIGH CIRC. ON 
THIGH MED./ LAT WIDTH 0.85 0.94 0.90
ABOVE KNEE CIRC. ON 
ABOVE KNEE MED./ LAT WIDTH 0.86 0.89 0.93
KNEE CIRC. ON 
KNEE MED./ LAT. WIDTH 0.85 0.80 0.83
1 BELOW KNEE CIRC. ON 
BELOW KNEE MED./ LAT WIDTH 0.84 0.87 0.92
CALF CIRC. ON 
CALF MED./ LAT. WIDTH 0.87 0.94 0.95
ANKLE CIRC. ON 
ANKLE MED./ LAT. WIDTH 0.86 0.76 0.85
T a b l e  19  C o r r e la t io n  c o e f f i c i e n t s  f o r  c i r c u m fe r e n c e s  o n  M e d ia l/ la t e r a l
w id th s .
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The correlations between circumferences on anterior/posterior 
widths were also w e ll in excess o f 0.597, (0.001 confidence level), 
correlation. The correlation coefficients are shown in table 20 and the 
graphs with regression equations shown in graphs 35 to 52. The male 
correlation values ranged from 0.84 to 0.93, the female values from 0.75 
to 0.88, and the male amputees from 0.83 to 0.97.
MALE 
OOR COEFF
MALE AMP. 
OOR COEFF
FEMALE 
OOR COEFF
THIGH CIRC. ON 
THIGH ANT./ POS WIDTH 0.91 0.83 0.96
ABOVE KNEE CIRC. ON 
ABOVE KNEE ANT./ POS WIDTH 0.93 0.88 0.97
KNEE CIRC. ON 
KNEE ANT./ POS. WIDTH 0.87 0.83 0.93
BELOW KNEE CIRC. ON 
BELOW KNEE ANT./ POS WIDTH 0.84 0.75 0.87
CALF CIRC. ON 
CALF ANT./ POS. WIDTH 0.92 0.83 0.94
ANKLE CIRC. ON 
ANKLE ANT./ POS. WIDTH 0.86 0.83 0.83
Table 20 correlation coefficients for circumferences on anterior posterior 
widths.
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The correlation between anterior/posterior widths and their 
corresponding medial/lateral widths are shown in table 21. It was found 
that all the correlations exceeded the 0.597 correlation needed for a 
"certain" relationship.
S ign ifican t correlation  cou ld  only be foun d  betw een  
circumferences that were adjacent to each other, (table 2 2 ).
MALE 
OOR COEFF
MALE AMP. 
COR COEFF
FEMALE 
COR COEFF
THIGH MED/ LAT WIDTH ON 
THIGH ANT/ POS WIDTH 0.71 0.78 0.88
ABOVE KNEE MED/ LAT WIDTH ON 
ABOVE KNEE ANT/ POS WIDTH 0.78 0.84 0.91
KNEE MED/ LAT WIDTH ON 
KNEE ANT/ POS WIDTH 0.66 0.63 0.66
BELOW KNEE MED/ LAT WIDTH ON 
BELOW KNEE ANT/ POS WIDTH 0.76 0.91 0.76
CALF MED/ LAT ON 
CALF ANT/ POS WIDTH 0.68 0.70 0.68
ANKLE MED/ LAT ON 
ANKLE ANT/ POS WIDTH 0.64 0.66 0.64
Table 21 correlations for anterior/posterior widths on medial/lateral 
widths.
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MALE 
COR COEFF
MALE AMP. 
COR COEFF
FEMALE 
COR COEFF
THIGH CIRC. ON 
ABOVE KNEE CIRC. 0.71 0.78 0.88
ABOVE KNEE CIRC. 
KNEE CIRC.
0.78 0.84 0.91
KNEE CIRC. 
BELOW KNEE CIRC. 0.66 0.63 0.66
BELOW KNEE CIRC. 
CALF CIRC.
0.76 0.91 0.76
CALF CIRC. 
ANKLE CIRC.
0.68 0.70 0.68
Table 22 Correlations between circumferences adjacent to each other.
The correlation between leg lengths and heights o f the volunteers 
was found to be mixed, (table 23). For all the subject groups the 
correlation between height and knee to ankle length was founds to be 
significant and w ell in excess o f 0.597 correlation, with correlation 
values o f 0.80, 0.73, and 0.70 for male, female, and amputee subjects 
respectively. Correlation greater than 0.597 was found for the male 
subjects for both height on calf to ankle length and knee to ankle length 
on ca lf to ankle length. The correlations found fo r the same 
relationships for the fem ale subjects were values o f 0.42 and 0.48 
respectively, giving a 1 in 20  probability that these relationships 
occurred by chance. Correlation greater than 0.597 was found for the 
male amputees between knee to ankle length and calf to ankle length, 
however, the correlation for height on calf to ankle length was 0.35 
which gives a 1 in 10  probability that the relationship occurred by  
chance.
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A ll  correlations found fo r height, or leg  lengths, on 
circumferences or leg widths were w ell be low  0.32 correlation. 
Therefore, no significant correlation could be found between height, or 
leg lengths, and any width or circumferential measurement.
MALE 
COR COEFF
MALE AMP. 
COR COEFF
FEMALE 
COR COEFF
HEIGHT ON 
KNEE TO ANKLE LENGTH 0.80 0.70 0.73
HEIGHT ON 
CALF TO ANKLE LENGTH
0.61 0.35 0.42
KNEE TO ANKLE LENGTH ON 
CALF TO ANKLE LENGTH 0.85
0.73 0.48
Table 23 correlation coefficients between leg lengths and between height 
and leg lengths.
7.6.4. C O M P A R I S O N  B E T W E E N  A M P U T E E  A N D  N O N  
A M P U T E E  S U B J E C T S
The statistical comparison o f measurements for amputee and non 
amputee males is indicated by the "t" value given for each set o f  
measurements taken. These values are given fo r the 21 sets o f  
measurements compared in the summary o f leg measurements and 
therefore can be found in either tables 17 or 18.
In order to register a significant difference between any two sets 
o f measurements taken at the 0 .1 probability level, the lowest level 
considered, the value o f "t" must be greater than 1.68. This can not be 
regarded as "certain" significant difference which would be considered 
at a 0.001 probability level which would give a value o f "t" in excess o f 
3.55. These values are obtained form  statistical tables1 11 and are
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calculated with respect to the number o f degrees o f freedom o f each 
subject group.
Four o f the measurements taken were found to be significantly 
different. The above knee circumference and anterior/posterior 
width had "t" values o f 2.23, and 2.38 respectively. This gave a 
significant difference at the 0.05 probability level. The knee maximum  
circumference and calf to ankle length had ,ft" values o f 1.69 and 1.90 
respectively and registered a significant difference at the 0 .1 probability 
level. The above knee medial/lateral width had a "t" value o f 1.67 and 
was therefore very close to showing a significant difference. 1 2  o f the 
21 sets o f measurements compared had "t" values less than 1.3 and three 
o f these had "t" values o f 0 .
7.6.5. C O M P A R I S O N  O F  E X P E R I M E N T A L  D A T A  W I T H  
P U B L IS H E D  D A T A
The experimental correlation value obtained, (0,8), for height on 
knee height for male non amputee subjects compared w ell with other 
data published, (table 24). The experimental male value found was 3%  
less than that found by the U .S. A ir  Force, and within 1% o f that quoted 
in Human Measurement for Equipment Designers. The amputee values 
showed the same positive correlation as the comparative measurements.
MALE CORRELATION COEFFICIENTS
EXP.
MEN
AMP.
MBS!
U.S. AIRFORCE
HUMAN ENGINEERING FOR 
EQUIPMENT DESIGNERS
HEIGHT ON 
KNEE HEIGHT 0.8 0.73 0.862 0.795
T a b l e  2 4  C o r r e la t io n  c o e f f i c i e n t s  b e t w e e n  k n e e  h e ig h t  a n d  h e ig h t .
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The correlation values between circumferences obtained experimentally 
for males, both amputee and non amputee, also generally agreed with 
other published data, (table 25). The only exception to this was the thigh 
circumference on ca lf circumference which showed a 1 0 % negative 
discrepancy for the experimental non amputee subjects, and 2 0 % positive 
discrepancy for the amputee subjects.
MALE CORRELATION COEFFICIENTS
EXP...
MEN
AMP.
MEN
U.S. AIR FORCE VESSA LTD
THIGH CIRC. ON CALF CIRC. 0.60 0.86 - - - - 0.702
THIGH CIRC. ON ANKLE CIRC. 0.58 0.62 0.630
CALF CIRC. ON ANKLE CIRC. 0.71 0.73 0.65 0.700
HEIGHT ON THIGH CIRC. 0.35 0.09 0.240
HEIGHT ON CALF CIRC. 0.25 0.09 0.29 0.231
HEIGHT ON ANKLE CIRC. 0.31 0 .12 0.38 0.253
FEMALE CORRELATION COEFFICIENTS
EXPERIMENTAL U.S. AIR FORCE VESSA LTD
THIGH CIRC. ON CALF CIRC. 0.62 - - - -
THIGH CIRC. ON ANKLE CIRC. 0.47 ------ - - - -
CALF CIRC. ON ANKLE CIRC. 0.71 - - - - - - - -
HEIGHT ON THIGH CIRC. 0.04
HEIGHT ON CALF CIRC. 0.30 0.27 - - - -
HEIGHT ON ANKLE CIRC. 0.28 0.29 - -- - -
Table 25 Correlation coefficients between circumferences, and between  
height and circumferences.
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Only very limited published data could be found for female subjects. 
The experimental correlation data compared with published data for 
height on circumferences, for all subject groups, is also shown in table 
25. A ll  the data shows that their is no significant correlation between 
height and circumferences.
Comparisons between experimental height , ca lf circumference, 
and ankle circum ference measurements and published measured  
characteristics for female subjects are given in tables 26, 27 and 28. 
The probability that the experimental sample could be drawn from the 
published samples is given by the ratio o f their variances and is denoted 
by the F value. The limits o f the maximum F value acceptable for the 
experimental sample being drawn from  any o f the other compared  
samples is given with each table. The two levels that are considered 1% 
and 5% levels153. F  values greater than the 5% level are considered 
significantly different and the experimental sample could not be 
reasonably be drawn from the compared samples with a confidence 
greater than 95%.
It can be seen in table 26 that none o f the F values calculated for 
height measurements exceeded the limits given. Therefore, it was 
concluded that there was not a significant difference between the 
experimental and published samples.
P a g e  159
HEIGHT/cm S.D./cm Sample No. F value
Exp. Wmn. 165.0 6.0 30
Air Stew 1 1  5 166.3 4.85 423 1.53
U.S. Wmn 1 1  8 160.5 6.30 10042 1 . 1 0
U.S. Army1 1 7 164.8 5.20 447 1.33
U.S. N urs1 1 7 161.3 5.40 152 1.23
U.S. Army.1 1 8 162.2 6.01 7859 1.00
U.S.A.F 1 1 9 162.7 5.94 852 1 .0 2
U.S.A.F1 2 0 162.0 6.00 1905 1.00
Dutch 121 
Wmn
162.6 6.59 5001 1.77
W.G.Wmn 1 2 2 163.4 6.90 1166 1.32
U.K. Wmn1 2 3 160.2 6.59 4995 1 . 2 1
Swedish 124 
Wmn
164.2 6.20 216 1.03
Aus A.F. 1 2 5 165.7 6.65 75 1 . 2 2
Swedish 126 
Wmn
164.2 6.20 77 1.06
U.K. Wmn 1 2 7 175.2 6.08 7187 1 . 2 1
U.K. Wmn 1 2 8 176.7 6.18 311 1.28
Vessa 8 2 161.5 6.3 1 8 1.29
Maximum F value for 5% 2.42 Except Vessa:-
Maximum F value for 1% 1.82 Maximum F value for 5% 3.23
Maximum F value for 1% 2.28
Table 26 Comparisons between experimental height data and published 
height data for female subjects.
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Table 27 shows comparisons o f calf circumferences. A ll o f the F values 
were less than the 5% limit for the ratio o f variances and the 
comparison between experimental and United States A ir  Force women  
gave an F value less than the 1 % limit.
CALF
CIRC/cm S.D./cm Sample No. F value
Exp. Wmn 36.2 1.92 30
U.S.A.F1 2 0 34.2 2.37 1905 1.52
U.K. Wmn1 2 3 34.6 2.60 4995 1.83
Swedish 124 
Women
35.4 2.62 216 186.
1 28
U.K. Wmn 33.9 2.7 311 1.97
Vessa 82 
Amputees
33.2 3.2 18 2.77
Maximum F value for 5% 2.42 Except Vessa:-
Maximum F value for 1% 1.82 Maximum F value for 5% 3.23
Maximum F value for 1% 2.28
Table 27 Comparisons between experimental calf circumference data 
and published calf circumference data for female subjects.
Table 28 shows that four out o f the six compared populations for 
ankle circumference measurements had F values less than the 1% value. 
The comparison between the experimental group and Swedish W om en  
gave an F value between the 1% and 5% levels. The only compared 
group which showed a marked significant difference when compared to
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the experimental group was the group o f United States women. For all 
the other groups concerned the experimental group could reasonably be 
drawn from the compared samples.
ANKLE
CIRC/cm S.D./cm Sample No. F value
Exp. Wmn 22.3 1.02 30
115 
Air Stew. 20.2 1.03 423 1 . 0 2
U.S. Wmn.1 1 6 21.1 1.70 10042 2.77
U.S.A.F. 11 9 21.5 1.23 852 1.45
U.S.A.F1 2 0 21.1 1.29 1905 1.59
Swedish 124 
Women
22.4 1.46 216 2.14
Vessa 82 
Amputees
22.4 1.5 18 2.16
Maximum F value for 5% 2.42 Except Vessa:-
Maximum F value for 1% 1.82 Maximum F value for 5% 3.23'
Maximum F value for 1 % 2.28
Table 28 Comparisons between experimental ankle circumference data 
and published height data for female subjects.
Comparisons between experimental height , ca lf circumference, 
and ankle circumference measurements and published measured  
characteristics for male amputee and non amputee subjects are given in 
tables 29,30 and 31.
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HEIGHT/cm S.D./cm Sample No.
Exp men 
F value
Exp Amp 
F value
Exp. Mem 176.0 7.2 29
Exp Men 
Amputees
177.5 7.1 25
Air Traffic 
control. 129 176.7 6.35 678 1.28
1.25
U.S.A.F. 1 30 176.3 6.10 3542 1.39 1.35
U.S.A.F1 31 174.1 6.62 3332 1.18 1.15
U.S.N 132 175.6 6.16 4000 1.34 1.32
U.S.A.F1 3 3 177.6 5.92 1529 1.47 1.43
U.S.Arm 1 34 177.3 6.19 2420 1.34 1.31
U.S. A rm 1 3 5 177.5 6.61 6682 1.18 1.15
U.S.N. 1 36 175.3 6.53 4095 1 . 2 1 1.18
U.S. Arm^ 3 ^ 174.6 6.31 2008 1.30 1.26
U.S. Men 1 3 3 173.2 6.89 3091 1.09 1.06
French 139 
Navy
173.6 6.02 1 0 0 1.43 1.39
140 
W.G. Arm 175.2 6.08 297 1.39 1.36
W.G.A.F 1 4 1 176.7 6.18 1006 1.34 1.32
Canadian 
Army 142
175.1 6.3 565 1.29 1.26
143
RAC. UK
174.1 6.29 500 1.30 1.27
Maximum F value for 5% 1.79 Maximum F value for 1% 1.52
Table 29 Comparison o f height measurements between experimental and 
published data for male subject groups .
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HEIGHT/cm S.D./cm Sample No.
Exp men 
F value
Exp Amp 
F value
Exp. Mem 176.0 7.2 29
Exp Men 
Amputees
177.5 7.1 25
1 44
R.A.FUK * * * 177.5 6.21 1998 1.34 1.31
R.A.F+ 145 
R.N UK
177.0 6.13 200 1.37 1.34
R.A.F. 1 4 6 177.4 6.69 314 1.39 1.36
R.A.F. 1 4 7 176.7 6.52 290 1 . 2 1 1.18
R.N.A.F1 48 177.0 6.48 238 1 . 2 2 1 .2 0
r. A A r- 1 4 9R.A.A.F 176.8 8.6 384 1.42 1.46
Swedish 150 
Men
174.1 6.8 87 1 . 1 2 1.09 i
Swedish 151 
F lie rs
178.2 5.62 240 1.64 1.59
1 59Aus Arm 173.7 6.1 3695 1.39 1.35
Vessa 8 2  
Amps.
175.1 6.1 1 8 1.39 1.35
Maximum F value for 5% 1.79 Except Vessa
Maximum F value for 1% 1.52 Maximum F value for 5% 2.18
Maximum F value for 1% 1.75
T ab le  29 cont. Com parison  o f height m easurem ent between  
experimental and published data for male subject groups.
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CALF 
CIRC, /cm S.D./cm Sample No.
Exp men 
F value
Exp Amp 
F value
Exp. Mem 37.4 2.06 29
Exp Men 
Amputees
37.6 2.81 25
130
U.S.A.F. 36.2 2.0 3542 1.06 1.98
U.S.A.F1 31 35.2 2.7 3332 1.71 1.08
1 34U.S.Arm 37.2 2.37 2420 1.32 1.40 i
135
U.S. Arm 36.6 2.67 6682 1.67 1 . 10
U.S.N.106 36.5 2.37 4095 1.32 1.40
137
U.S. Arm 37.2 2.35 216 1.30 1.42
French 139 
Navy
36.7 2.64 100 1.64 1.13
W.G.A.F141 37.1 2.2 1006 1.14 1.63
143 
R.A.C. UK 36.3 2.59 500
1.58 1.17
1 44RAF UK 36.7 2.15 1998 1.09 1.71
RAF + 145 
R.NUK
36.6 2.29 200 1.23 1.51
R.A.F. 146 36.7 2.38 314 1.33 1.39
R.A.F. 147 37.0 2.31 290 1.25 1.48
R.N.A.F1 48 37.0 2.15 238 1.08 1.71
Vessa 82 
Amps
35.9 3.2 18 2.42 1.29
Exp:- Maximum F value for 5% 2.42 Vessa : - Maximum F value for 5% 2.28 
Men Maximum F value for 1% 1.84 Maximum F value for 1% 3.23
Exp:- Maximum F value for 5% 1.79
Amp. Maximum F value for 1% 1.52
Table 30 Comparison o f calf circumferences between experimental and 
published data for male subject groups.
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ANKLE 
CIRC, /cm S.D./cm Sample No.
Exp men 
F value
Exp Amp 
F value
Exp. Mem 22.8 1.15 29
Exp Men 
Amputees
22.8 1.58 25
Air Traffic 
control. 129 23.2 1.4 678 1.48
1.27
U.S.A.F1 3 1 22.4 1.49 3332 1.67 1 . 1 2
U.S.N 132 22.6 1.31 4000 1.29 1.45
U.S.A.F133 22.6 1.25 1529 1.18 1.59
U.S.Arm 1 3 4 22.4 1.26 2420 1 .20 1.57
U.S. Arm 1 3 5 22.7 1.44 6682 1.56 1.20
U.S.N.I36 23.2 1.58 4095 1.88 1.00
U.S. Arm 1 3 7 22.7 1.34 216 1.16 1.39
French 139 
Navy
23.2 1.28 100 1.23 1.52
W.G.A.F1 41 22.7 1.24 1006 1.16 1.62
143
R.A.C. UK 22.0 1.28 500
1.23 1.52 ,
Exp:- Maximum F value for 5% 2.42 Exp:- Maximum F value for 5% 1.79
Men Maximum F value for 1% 1.84 Amp. Maximum F value for 1% 1.52
Table 31 Comparison o f ankle circumferences between experimental 
and published data for male subject groups.
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ANKLE 
CIRC, /cm S.D./cm Sample No.
Exp men 
F value
Exp Amp 
F value
Exp. Mem 22.8 1.15 29
Exp Men 
Amputees
22.8 1.58 25
R.A.F UK 144 22.5 1.22 1998 1.13 1.67
R.A.F+ 145 
R.N UK
22.6 1.26 200 1.20 1.57
RAF. 146 22.5 1.39 314 1.46 1.29
RAF. 1 4 7 22.7 1.37 290 1.42 1.33
R.N.A.F148 22.8 1.21 238 1.10 1.70
Vessa 82 
Amps
22.8 1.6 18 1.93 1.03
Exp:- Maximum F vaiue for 5% 2.42 Vessa :- Maximum F value for 5% 2.28
Men Maximum F value for 1% 1.84 Maximum F value for 1% 3.23
Exp:- Maximum F value for 5% 1.79
Amp. Maximum F value for 1% 1.52
T ab le  31 cont. Com parison o f ankle circum ferences between  
experimental and published data for male subject groups.
Only one out o f the twenty five height comparisons made for both 
sets o f male subjects had an F  value greater than the limit at the 1% 
level. This was the com parison between the m ale experimental 
measurements and Swedish fliers, however, the F  values obtained were 
less than the 5% limit.
On com paring the m ale non amputee experim ental ca lf  
circumferences with the fifteen published measurement sets one F value
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exceeded the 1% limit but was less than The 5% limit, (Vessa Ltd. 
amputees), and all other values obtained were less than the 1 % limit. 
The male amputee subjects Had one F value W h ich  exceeded the 
permitted limits, (U .S .A .F 100). Three F values were between the 1% to 
5% levels and all the other eleven measurements were less than the 1 % 
limit value.
A ll  o f the seventeen ankle circumference comparisons made 
between both male subject groups and published data had F  values less 
than their respective 5% limits. Fifteen out o f the seventeen male non 
amputee comparisons had F values less than the 1% limit, and eleven out 
of the seventeen amputee comparisons.
7.6.6. T H E  A V E R A G E  L E G
The average leg sections o f male and female subjects drawn using 
the measurement data, and the mid point displacement data are shown in 
figures 49 and 50 respectively.
Three different leg section shapes are shown for the male 
subjects. These sections are the sections generated from  the more 
detailed scaled sections, the sections drawn from the leg measurement 
data only, and the sections from male cadaver.
T w o  female sections shown for each measurement site and these 
are the section drawn from the measurement data only and the scaled 
more detailed sections.
Only the sections generated from the scaled data and the leg 
measurement can be directly compared. The differences between the 
two sections are indicated by dotted lines. The male cadaver sections are 
not drawn to scale.
It appears from the comparison o f the two male sections produced 
form  the experimental work with the photographs taken from male
p a g e  168
cadaver that there is a strong similarity between the shapes o f sections. 
The male cadaver section photographs were not published with a 
magnification factor, therefore, only the shapes o f sections can be 
compared. However, the results do suggest that the circumferential 
sections produced at the six measurement sites from the experimental 
work would be suitable as a basis for a moulding system.
A ll the male and female sections were found to be similar in 
shape. The ankle sections were elliptical in shape being most narrow in 
the medial/lateral direction. The calf sections were less elliptical than 
the ankle sections with more o f the section being posterior o f the
anterior/posterior mid point plane. The below knee section was found to 
be the most circular in shape. The knee, above knee and thigh sections 
were all found to be elliptical in shape with the with more o f the section 
being anterior o f the anterior/posterior mid point plane, and lateral 
o f the medial/lateral mid point plane.
From  the photographic m easurement and anthropometric 
measurement data the average distance between sections is known and 
therefore, an average leg for both males and females can be predicted.
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se a te d  data
d a ta  Iro m  le g  — — -------
m ea su re m e n t
m a le  c a d a v e r
F ig u r e  4 9  m a le  c ir c u m fe r e n t ia l  s e c t io n s
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d a ta  fro m  le g  
m e a su re m e n t
m a le  c a d a v e r  •
F ig u r e  4 9  c o m .  M a le  c i r c u m fe r e n t ia l  s e c t io n s .
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F ig u r e  5 0  F e m a le  c ir c u m fe r e n t ia l  s e c t io n s .
Page 172
B E L O W  K N E E
scaled data —------
data from teg —
p o it t f lo f
F ig u r e  5 0  c o n t .  F e m a le  c i r c u m fe r e n t ia l  s e c t io n s .
7.7. L E G  M E A S U R E M E N T S  D IS C U S S IO N
The histograms drawn from the leg measurements data showed  
that generally for both male and female subjects the anthropometric 
measurements taken had normal distributions. Norm al distributions are 
known for certain anthropometric measurements such as height156’ and 
w e ig h t157, and it is therefore expected that for a random sample o f 
healthy able bodied adults the anthropometric measurements taken w ill 
also be normally distributed.
On comparing the male amputee and non amputee subjects it was 
found that no significant difference, ( 0.001 probability ), occurred  
between any o f the twenty one measurements compared. The above knee 
measurement site showed the strongest indication o f difference with two 
out o f the three measurements showing differences at the 0.05 
probability level, (50 times less than certain). Tw o other measurements, 
knee circumference and calf to ankle length, had differences at the 
lowest considered probability level 0 .1 , (100  times less than certain). 
Therefore, there was very little, if any, difference between the legs o f 
m ales with no abnormalities and the remaining lim bs o f single 
amputees. It is most likely that there would be no significant difference 
between the legs o f women with no abnormalities and the remaining 
limbs o f unilateral amputees as there is no reason to suppose that they 
would be different from the male subjects.
The comparison o f height measurements, for all subject groups, 
found that none o f the measurements showed a significant difference 
with the published data, and only one exceeded the 1 % level which is 
the lowest difference considered. Therefore, with respect to height the 
experimental populations were found to be largely representative o f the 
general population. A s height has been found to be strongly related to 
leg  lengths, (tables 23 and 24), it is also most likely that the
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experimental population would be generally representative o f leg length 
measurements also.
Comparison o f circumferential measurements o f males, and male 
amputees, also showed no significant difference with the published data, 
with the large majority o f measurements showing no significant 
difference even at the 1% level. As leg circumferences are known to be 
very strongly related to leg widths it highly probable that the leg width 
measurements would be representative o f the general population.
The fem ale circumferential measurements also gave little 
significant difference with published data. Only one o f the eleven  
comparisons made had a significant difference, ( calf U .S . W om en86), 
which appeared to have an unusually high standard deviation when  
compared to the other measurements listed. It is unclear why this 
population should d iffer from  the others. Therefore, the fem ale  
circumferential measurements were also largely representative o f the 
general population. It therefore follows, as with the men that their leg 
widths would also be largely representative o f the general population.
A ll  the comparisons o f experimental measurements made with 
published data gave a strong indication that the experimental samples 
were overall representative o f the general population. Therefore, it 
is unlikely that other experimental measurements taken, not directly 
compared due to o f lack o f published data, would differ significantly 
from the general population as there is no evidence which suggests this. 
Therefore, it is likely that all the experimental measurements taken 
would be largely representative o f the general population.
The male subjects compared to the female subjects had larger legs 
in all dimensions from the knee downwards. Above the knee the female 
subjects tended to becom e larger than the male subjects both in 
circumference and in medial/lateral width, with the male subjects still
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remaining to have larger leg dimensions in the in the anterior/posterior 
direction. However, the thigh measurements were taken 15cm above the 
knee maximum. The male subjects had on average longer thighs than the 
fem ale subjects, so a measurement fixed position, (15cm ), gives a 
relatively larger values for the female subjects compared to the male 
subjects. A ll  other measurements were taken at anatomical points and 
can be compared directly The differences in leg dimensions for the 
males and females suggests that if  a moulding system is designed  
consisting o f one complete unit then leg moulds would have to be 
designed for each gender.
The correlation coefficients showed relationships between leg 
circumferences and leg widths, (generally greater than 0 .8), and also 
between leg circumferences adjacent to each other. The correlation 
values were w ell in excess o f the 0.597 correlation o f the 0.001 
confidence level. A ll correlation coefficients between circumferences 
and/or widths and leg lengths were less than 0.32. Correlations less than 
this value do not statistically indicate any relationship between these 
variables. Therefore, a good prediction o f leg widths can be made from  
their corresponding leg circumference measurement, and predictions o f 
leg circumferences adjacent to each other can be made, however, the 
distances between circumferences can not be predicted from these 
measurements. I f  a moulding system is to be designed it is most 
likely that it would consist o f sections o f varying lengths, which could 
be fixed together to make a complete limb o f the desired length and 
shape, as shown in figure 51. This would accommodate the variation o f  
leg length more effectively than one unit mould.
The leg length measurements showed the greatest amount o f 
spread o f all the measurements taken .This suggested that if  a one unit 
moulding system was use many whole units o f varying length would
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have to made to incorporate the wide range o f leg lengths. Therefore, 
these results supported the idea o f making moulds in sections in a 
variety o f lengths as it would be easier to incorporate the range o f leg 
lengths.
The experimental data compared favourably with published data, 
and supports the assumption that circumferences can be related 
together, but these can not be related to leg lengths.
The mid point displacements showed that above the below  knee 
minimum the mid point displacements were significantly different for 
the male subjects compared to the female subjects. However, below  the 
knee they were found to be the same. This was true fo r both the 
medial/lateral displacements and the anterior posterior displacements.
F ig u r e  51  L e g  m o u ld  in  s e c t io n .
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This suggests that the shape o f male and female legs only start to 
differ significantly above the below  knee minimum. Therefore, if  a 
m ould was designed in sections that were then fixed  together, it is 
possible that some o f the calf to ankle sections may be used for both 
genders.
The circumferential sections drawn from  the leg measurement 
data supports the mid point displacement results showing greater 
differences in shape o f circumferential sections between males and 
females above the above knee minimum.
Overall the results show that there is a general shape to the legs 
o f men and women. I f  a computer model o f these shapes is constmcted 
then this could be used to produce mould designs. A s  leg sizes are 
normally distributed, then a moulding system which incorporated sizes 
o f mean, and just one standard deviation either side o f the mean would  
produce cosmeses for about 86% o f the population. One standard 
deviation represents approximately a 10 % difference in the value o f a 
given measurement. Therefore, with a tolerance o f half a standard 
deviation it would be expected that the leg measurements o f a given  
subject could be represented by a computer model to an accuracy o f not 
less than 5%. The accuracy is defined as the match between the 
dimensions o f the amputees natural limb and the dimensions o f given in 
the model. This would be true as long as the subjects leg measurements 
were within plus or minus one and a half standard deviations o f their 
mean values.
It was found from the leg measurement o f amputees that there 
was a mismatch between the size o f the amputees remaining natural 
lim b and the cosmesis o f their artificial limb. The differences were 
found to be up to 24% and generally between 13% and 18%.
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This suggests that the shape o f male and female legs only start to 
differ significantly above the below  knee minimum. Therefore, if  a 
mould was designed in sections that were then fixed together, it is 
possible that some o f the calf to ankle sections may be used for both 
genders.
The circumferential sections drawn from the leg measurement 
data supports the m id point displacement results showing greater 
differences in shape o f circumferential sections between males and 
females above the above knee minimum.
Overall the results show that there is a general shape to the legs 
o f men and women. I f  a computer model o f these shapes is constructed 
then this could be used to produce mould designs. A s  leg sizes are 
normally distributed, then a moulding system which incorporated sizes 
o f mean, and just one standard deviation either side o f the mean would  
produce cosmeses for about 86% o f the population. One standard 
deviation represents approximately a 10 % difference in the value o f a 
given measurement. Therefore, with a tolerance o f half a standard 
deviation it would be expected that the leg measurements o f a given  
subject could be represented by a computer model to an accuracy o f not 
less than 5%. The accuracy is defined as the match between the 
dimensions o f the amputees natural limb and the dimensions o f given in 
the model. This would be true as long as the subjects leg measurements 
were within plus or minus one and a half standard deviations o f their 
mean values.
It was found from  the leg measurement o f amputees that there 
was a mismatch between the size o f the amputees remaining natural 
limb and the cosmesis o f their artificial limb. The differences were  
found to be up to 24%  and generally between 13% and 18%.
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C H A P T E R  E I G H T
8 . L E G  M O D E L L I N G
In order to produce a m oulding system for manufacture o f  
cosmeses, which can be fitted without further shaping on to artificial 
limbs, using the leg measurement data and their relationships it was 
considered necessary to define standard mould designs. In the view  o f 
the author this can most appropriately achieved using computer models 
o f standard size limbs.
It has been established in the leg measurement section that a single 
standard mould for each limb is less practical than producing a series o f 
"split" segmental moulds in a range o f standard sizes which can then be 
clamped together in a jig  to generate a custom cosmesis whole limb. 
This system w ou ld  a llow  an alm ost "o f-th e -sh e lf" method o f  
manufacture saving materials and time.
Lira fc>. designs w ere developed using a computer m odel 
representing male and female whole and segmented limbs. The model 
was developed using the P R IM E  M E D U S A  computer aided design  
system, using 2D and 3D drafting facilities.
In practice it is intended that the choice o f segmental moulds to be 
used would be made by the prosthetist, who would make a series o f six 
circumferential measurements, and five length measurements. These 
measurements would be used as input data for the leg model. Leg  width 
measurements would  not be necessary as it was found that the leg  
widths were very strongly related to circumferential measurements, and 
it is desirable to keep input data to a minimum. The input o f data 
obtained from  the patient into the m odel w ill determine which  
combination o f standard moulds are to be used. A s  this procedure
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would be carried out by the prosthetist there is not a requirement that 
the model should be able to be used by a computer specialist.
The computer m odelling o f limbs was conducted by an M Sc  
student155 and a BSc final year student158 under the supervision o f the 
author.
8.1. T H E  M E D U S A  C O M P U T E R  A ID E D  D E S IG N .  (C .A .D .E  
S Y S T E M
M E D U S A  is the marketing name o f prime computers computer 
aided design package. A  2D interactive draughting module is the basis 
o f the system and it is around this that a series o f additional interpretive 
and analytical modules are arranged.
The package contains an integrated family o f design, drawing and 
manufacturing aids all with a common data base, thus creating a high 
degree o f flexibility in any particular application.
One o f the most relevant modules to this project is the 3D  
modelling facility. 3D  models are generated from 2D drawings using 
Boolean  algebra. From  the 3D  m odel, volumetric and geometric 
properties may be derived. The 3D  m odel w ill also enable the 
generation o f further orthogonal, isometric and perspective v iew s159.
It is also possible to use data from 2D and 3D drawings to assist 
the programming o f numerically controlled machines. The required  
draw ing can be transferred to another program, such as pathtrace, 
which is available to drive computer numerically controlled, (C .N .C .),  
machines. This facility is o f particular relevance as it could be used to 
manufacture cosmesis moulds designed from the leg models, using the 
model data to manufacture the cosmesis moulds. This system could also 
be used to cut cosmeses directly from foam if a moulding system is not 
preferred.
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8 .2  S E L E C T I O N  O F  S U I T A B L E  3 D  M O D E L L I N G
F A C I L I T Y
A  3D modelling method was required capable o f representing a 
sculptured surface with no axis symmetry. Five m odelling methods 
were evaluated:-
a) Solid modelling.
b ) Ground modelling.
c) contouring.
d ) S .A .M .M .I.E . (System for Aiding M an Machine Interaction).
e ) Surface networks.
8.2.1. S O L ID  M O D E L L I N G
The method o f construction is one by which the final 3D form  
may be described in terms o f simple shapes that have undergone a set o f 
Boolean  operations o f  union, intersection and difference1603. The  
method is limited to producing 3D models with non sculptured surfaces. 
Volum es o f revolution can be produced by the solid m odeller1606 
allow ing a tapered profile to be generated. The method can not be  
regarded a suitable solution since the profile is swept about a common 
axis generating a completely symmetrical section.
8.2.2 G R O U N D  M O D E L L I N G
The ground modelling facility is used for the generation o f "land 
sections, such as hills and valleys160c«161. The model is generated by  a 
series o f spot heights input into a data file. The 3D model can only be 
generated on a rectangular base. This made it unsuitable for use as 
whole limbs could not be generated.
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8.2.3. C O N T O U R I N G
This 3D modelling method produces a contoured representation. 
In effect the model consists o f a number o f slices giving an overall 
impression o f a form 160d, (figure 52).
Figure 52 an example o f a contoured model.
A  contoured model o f a human leg ma)j be constructed from pre­
drawn sections stacked upon each other and linked by Boolean algebra. 
The resulting model is in a stepped form, the number o f sections 
generated determining the form. The profile between these pre-drawn  
sections is interpreted by the computer, via a fitting exercise which  
blends the contours between the pre-drawn sections.
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This method can not be regarded as accurate since the accuracy o f 
the leg shapes is required in all axis directions, interpretation between 
any two adjacent circumference sections would not achieve this.
8 .2 .4 . S Y S T E M  F O R  A I D I N G  M A N  M A C H I N E  
I N T E R A C T I O N  1 S .A .M .M .I .E .)
The S .A .M .M .I.E . package is an interactive 3D modelling system 
used to simulate man made environments and human interaction within 
them162. S .A .M .M .I.E . often substitutes the need to produce expensive 
prototypes. Using the 3D capabilities an assessment can be made how  
man interacts with a specific environment. The system em ploys 
techniques o f solid modelling, (to simulate the environment), placing a 
wire frame human m odel in the environment (cars or cockpits for 
example). This allows the designer to evaluate work space in terms o f  
human requirement.
This system was com pletely unsuitable fo r the leg  m odelling  
requirements as a simple wire model can only be used to represent the 
human form.
8.2.5. S U R F A C E  N E T W O R K S
Surface networks have been found to be a most accurate method 
o f modelling human form s160e. The surface network, (often known as a 
lobster pot), is constructed from a series o f pre-drawn sections, (latitude 
sections), linked together through a set o f profile lines, (longitudinal 
profile lines).
The a distinct advantage o f this modelling package compared to 
the others considered is that it allows more surface control between  
pre-drawn sections. The profile  between sections m ay be drawn  
allow ing the generation o f 3D models with either concave or convex
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surfaces. The model is represented as a solid form constructed from a 
number o f tiles which help define the sculptured surfaces. This 
approach enables models to be generated with accurate cross section and 
profile. The number o f latitudinal sections and longitudinal profiles 
determines the overall model accuracy, (Figure 53),
15
Figure 53 example o f using surface network .163
Other advantages o f this system is that it permits model 
generation o f non symmetrical forms, and the solid tiled surface allows 
ease o f form interpretation.
Therefore, this modelling package was selected to use for the leg 
modelling.
8.2.6. V A R I A T I O N A L  G E O M E T R Y
It is clear that any leg models produced w ill have to cater for a 
variety o f different sizes and shape leg forms. Rather than produce a 
very large number o f individual leg models for each desired size, a
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suitable method o f increasing or decreasing the size o f standard shaped 
section profiles is required. This would allow  the relevant leg, or leg 
segment drawing to be scaled to the desired size before a 3D model is 
produced. The M E D U S A  variational geometry facility 163 offers a 
suitable solution, enabling the variation o f one or more dimensions o f 
drawing to be altered in accordance with a set o f specified values.
Variational geometry does not alter component dimensions by  
altering the size o f individual points, but by altering the size o f a grid 
onto which all movable points are placed. A  grid must be set up to hold 
every point intended to be moved. B y  placing a datum point, (a  
reference origin for dimensioning), onto a drawing sheet two grid lines 
are generated at right angles163a. The remainder o f the grid is generated 
by dimensioning all o f the points wishing to be moved in an X  and Y  
plane, (figure 54 )163b.
prim point
F ig u r e  5 4  A  d im e n s io n e d  a n  o b je c t .
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There are three methods o f altering a component dimension using 
variational geometry
1) The dimension text may be directly altered to another value163c.
2) The dim ension text may be replaced by a variab le  or 
expressionl63d.
3) A  table may be used to replace the vajues o f dimensions already 
given with alternative values163e.
8.2.7. C IR C U M F E R E N T IA L  S E C T IO N  S C A L I N G
A  drawing representing a leg circumference section can not be 
scaled, (have its dimensions changed), when it is in a smoothed form as 
the line representing the circumference comprises o f an infinite number 
of points and variational geometry scales point data.
F ig u r e  5 5  l e g  s e c t io n  in  a  f a c e t e d  fo r m .
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The solution to the problem  is to scale any circumferential 
section in a faceted form, (com prising o f finite line intersections), 
before curve smoothing, (figure 56). The section may be scaled in this 
form as the finite lines intersecting form points. These points can then 
be dimensioned to form a grid, enabling the point positions to be altered 
using variational geometry. It is necessary to smooth the scaled faceted 
section once scaling is complete.
A  tabled data scaling method was selected as being the most 
convenient method for changing the size o f  circumferential cross 
sections. This method uses variables to replace the dimensioned section 
data with the scaling values contained within the table. The table consists 
o f a series of rows and columns containing different values for each 
dimension. Each row contains the dimensions o f a particular size of 
circumferential cross section163e, (figure 55). Each column holds 
different numerical values for the variables.
A B C D E F G H l  J  K  L
ROW'/ 67 5 2  4 8 10 47 34 30 12 47£3 102126
R 0 W 2  71 55 51 1 1  50 36  32  13 50  66 108133
P 0 W 3  63 49 45 9 44  32  2 8  1 1 44  60  96  119
ROW1 mean value
ROW2 mean value *  standard deviation  
ROW3 mean value » standard deviation
Figure 56 Tabled data.
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This method allows all scaling data to be contained within the 
model drawing sheet.
8.2.8. T H E  L I N K I N G  O F  C IR C U M F E R E N T IA L  S E C T IO N S  
In order to produce models o f whole limbs from ankle to thigh it 
is necessary to link circumferential sections, so as to produce a stack o f  
sections with known distances between between them. The distances 
between sections are defined as the segment length, linking sections is 
achieved using the surface modelling facility within M E D U S A .
Tw o sections can be drawn both sharing a common origin, (or 
prim), point. The two sections can be linked, (using the surface network 
fac ility ) , using latitudinal link lines, (to indicate breadth), and 
longitudinal link lines, (to indicate depth). W hen  the sections are 
modeled they w ill show the two separated sections, (fig  57).
The figure shows only two sections linked, however, all six 
circumferential sections can be linked together on one drawing sheet.
Further anterior/posterior and medial/lateral widths can be used 
at positions between segment lengths so as to enable profiling o f the 
shape between segments.
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Figure 57 The linking o f circumferences.
8.3 E X P E R IM E N T A L  P R O C E D U R E
The six standard measurement sites used in the leg measurement 
work were the basis for the division o f the leg segmental model. 
Separate models were generated for each gender, for both right and left 
limb, as significant differences were found between the size, and shape 
above the knee, o f male and female limbs.
For each measurement site a faceted section was constructed 
representing the circumferential cross section at that measurement site. 
The data used to construct the sections was the anterior/posterior and
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medial/lateral width maximums found from the leg measurement study, 
along with extra points generated from the more detailed measurement 
o f circumferential cross sections, (appendix 1 ).
For each section a table was constructed, for variational geometry 
scaling, with three rows o f data. The three rows held the data for three 
different sizes o f circumferential section. One row held the dimension 
o f the mean size o f circumferential section with the other two holding 
the dimensions o f sections o f the mean plus one standard deviation, and 
the mean minus one standard deviation. The size o f the section to be 
modelled is governed by the selection o f the desired row  o f data.
The sections were linked for surface network modelling so as to 
generate a model with the distances between circumferential sections, 
(segment lengths), equal to the same distances apart as the mean values 
found from the leg data section. Tw o other segment lengths were also 
permitted and these were, as with the circumferential sizes, mean plus 
and minus one standard deviation. Tables were constructed for the 
scaling o f segment lengths. Each table held three rows and these 
contained the three different values o f segment length permitted. The 
segment length used for modelling is governed by the selection o f the 
desired row.
The additional anterior/posterior and medial/lateral widths 
measured from the photographs between the six measurement sites were 
used to profile the shape o f the modelled limb between the measurement 
sites.
In order to link all the cross sections together in the vertical plane 
a reference line is needed. From the leg measurement study, the 
reference line was define as the mid ankle minimum to mid below  knee 
minimum. The mid points o f the other measurement site sections were 
measured as horizontal displacements from this line, and their means
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were determined. The average displacements o f the sections from the 
reference line were incorporated into the limb models.
After selection o f the desired size o f limb to be modelled, (using 
the variational geometry facility ), all the faceted circumferential 
sections were smoothed and the whole limbs modeled.
8.4. R E S U L T S
A  selection o f models produced, o f  whole limbs, o f whole limbs 
using the M E D U S A  computer aided design system are shown in figures 
58a and 58b.
ANTERIOR LATERAL
Figure 58a Anterior and Lateral V iew  o f leg models.
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F ig u r e  5 8 b  A  w h o le  l im b  m o d e l .
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8.4 D IS C U S S IO N
8.4.1. 3D  M O D E L
The circumferential sections were drawn in a faceted form  then 
scaled to the desired size and smoothed before modelling. This process 
involves the interpretation o f the section shape between known points. 
This may introduce errors into the size and shape o f the circumferences 
drawn. Each section was constructed, (in the faceted form ), from  at 
least eight, and up to fifteen, measured points gained from  the leg 
measurement and more detailed measurement o f circumferences. The 
smooth sections generated did not appear to show  any obvious  
distortions in shape when compared to the measured circumferences. 
Therefore, it was considered that sufficient points had been taken to 
generate good representations o f circumferential shapes. However, the 
m odel could be developed with further additions o f  point data if  
required.
A l l  six sections were p laced on the same draw ing sheet 
constructed from the point data. This was done as it was considered 
most convenient to have all the data contained on one drawing sheet. 
However, as the sections were drawn one on top o f the other then there 
is a possibility that at least two o f the points w ill have the same 
coordinates. The variational geometry program  is unable to scale 
independently the two points with the same coordinates and the system 
w ill output error messages.
Each section is scaled in turn sequentially from thigh to ankle if  
one point o f a section is moved, on scaling, to a new position which  
coincides with a point on the next section to be scaled then on scaling the 
next section both point w ill be scaled simultaneously and this w ill 
produce a distorted in the model.
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The probability o f points coinciding w ill be increased with the 
more points used to construct a circumferential section. I f  the section 
models were to be developed so as to have more points representing 
sections then it would be more advantageous to m odel the limb with 
individual segments on different drawing sheets. This would reduce the 
probability o f points coinciding.
The m odel has been developed to allow  scaling flexibility by  
allowing independent scaling o f each circumferential section via the use 
o f separate scaling tables for each section. The leg measurement work  
suggested that the size o f sections adjacent to each other were strongly 
correlated. This would imply that sections adjacent to each other could 
be scaled proportionately. However, using separate scaling tables allows 
fo r a greater degree o f flexibility. The correlation between adjacent 
circumferences is approximately 0 .8 , therefore , there is a still about a 
2 0 % chance that the circumferences w ill not be scaled proportionately.
The use o f tabled data also permits the extension o f sizes available 
for scaling by the addition o f further rows o f data with dimensions o f 
alternative sizes, (fo r example mean plus and minus two standard 
deviations).
Extra medial/lateral and anterior/posterior widths, (section
7.2.2.) were incorporated into the model structure in order to profile 
the shape o f the model between sections. I f  these were not used then the 
profile between sections would be shown as a straight line, which is 
clearly not representative o f  the leg form. Six additional sites were  
selected fo r width measurement between-sites. this appeared to be 
sufficient to give a representative model. I f  more between site widths 
were measured then these could be added to the m odel and accuracy 
improved.
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The cross sections drawn were o ff set relative to the reference 
line, (ankle mid point to below  knee mid point direction), used in the 
leg measurement study. The photographs taken in the leg measurement 
work showed that not all the subjects had a common stance, therefore, 
not all the subjects had their reference line at a common inclination to 
he floor. It would  improve the model i f  the relevant clinical 
measurements were taken from subjects standing in a common stance. 
Therefore, all the reference lines would be approximately at the 
same inclination for all the subjects.
For this model it was assumed that the sizes o f the right and left 
were the same, and drawn as mirror images o f each other. It is unlikely 
that the size o f a right and left leg o f any one individual, 
(healthy non amputee), are identical. However, it is also unlikely 
that there is a important, or noticeable, difference between the 
sizes o f the legs. Therefore any differences were regarded as 
insignificant and that modelling the legs as mirror images was the most 
appropriate way o f modelling the prosthetic limbs.
8.4.2. M O U L D I N G  S Y S T E M
Generally the model gives an good representation o f whole limbs 
and appears suitable as a basis for a moulding system for cosmeses.
Leg  measurement showed that there was significant differences 
between the legs o f men and women. Therefore, a moulding system 
would be based, for each gender, on the models produced for males and 
females.
The leg measurement study showed that there were strong 
correlations between the dimensions o f circumferences adjacent to each 
other. N o  correlation could be found between any circumferential
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measurement and the distances between circumference sites. Therefore, 
for a successful moulding system it would be more feasible to produce 
moulds o f leg segments in varying lengths, and varying circumferential 
size, than make a large selection o f whole lim b models. The mould  
segments could then be jigged  together to from a complete limb which  
would be tailored to match the size o f the remaining limb o f amputees. 
The limbs were modeled in segments between measurement sites and 
these would be the basic elements for any moulding system.
A ll the models produced were based on a range o f sizes from the 
mean minus one standard deviation to the mean plus one standard 
deviation. The leg measurement work found that the measurements 
taken were generally norm ally distributed. Therefore, a m oulding  
system based on mean values plus and minus one standard deviation 
would be able to cater effectively for amputees in the range o f mean, 
plus and minus, one and a half standard deviations. A  range o f mean, 
plus and minus one and a half standard deviations represents 86% o f the 
population. I f  a m oulding system was introduced fo r cosmesis 
production with this range then amputees falling outside o f the 
acceptable range could still have cosmeses made using the current 
procedure. I f  a larger ranges were required then the range could be 
extended by adding further scaling sizes to the tables used for scaling.
For each amputee a series o f measurements could be taken from  
the remaining limb. The measurements would include six circumference 
measurements at the measurement sites, and the distances between each 
site. The measurements can be compared to the relevant mean, plus and 
minus one standard deviation, measurements used as the basis o f the leg 
models and the nearest match found. This would  determine which  
moulds, with respect to circumference, would be selected. The worst fit 
for an amputees measurements would be half a standard deviation away
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from the selected mould size. One standard deviation was found to 
represent about 7-10%  difference in any leg measurement. Therefore, 
half a standard deviation would represent a mismatch o f moulded limb 
with remaining limb o f about 5%. It is doubtful if  a mismatch o f 5%  
between limbs would be highly noticeable, and this would be in the 
worst case. It was found, using the current cosmesis production system, 
that there were differences in the sizes o f the remaining natural limbs o f 
amputees compared to their artificial limbs. The differences measured 
in the amputee leg measurement study were up to 25% and generally 
about 15%. Therefore a m axim um  error o f 5% is obviously a 
significant improvement.
The moulds can made using the data stored within the leg models. 
It is possible to interface M E D U S A  with computer numerically  
controlled, (C .N .C .), cutting machines. The data for each desired mould 
size sent to a C .N .C . lathe which would cut the relevant shape out o f any 
selected material. A ll the segmental moulds needed for the system can 
be cut using this method. The cut segments can be taken and moulds 
manufactured using a simple casting method.
For a single segment the number o f moulds needed, with respect 
to combinations o f circumferences, is ten, (figure 59 )
The leg measurement study found that size circumferences at 
adjacent sites were strongly correlated, (correlation values in the region 
o f 0.7 - 0.9). Therefore, probability o f having circumferences in leg 
segments differing relatively by  two standard deviations, (i.e. upper 
circumference set at mean +1S .D ., with lower circumference mean - 
1S.D .), is highly unlikely. Therefore, it would not be considered 
necessary to produce mould segments with sections that differ relatively 
by two standard deviations.
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upper circumference
l upper circumference 
+1 mean - 1
lower circumference 
+1, mean -1, mean, +1 -1, mean
T
lower circumference
Total number o f moulds needed =  7 circumferences x 5 segments x 3 
segment lengths =  105
Figure 59 combination o f circumference sizes for mould segments.
For each combination o f circumferences there would be three 
different segment lengths, and there are five different segments needed 
to produce a whole limb. Therefore, the total number o f segment 
moulds needed is 105. This is the number o f moulds needed fo r a 
conformity between real and artificial limbs o f 5%.
The number o f moulds needed for limb construction would be 
reduced by combining segments, therefore constructing limbs from  
fewer segments. However, this would reduce the conformity between 
the mould sizes and the sizes o f the natural limbs o f amputees. The 
acceptable method would be to have whole limbs moulded as one unit. 
It would be likely that if a one unitt moulding system was used then the 
measurements o f any one mould would be mismatched with the
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measurements o f an amputee’s remaining limb by at least a standard 
deviation. However, due the the strong correlation between the sizes o f 
adjacent circumferences it is highly unlikely that the mismatch would  
be greater than two standard deviations. One standard deviation  
represents approximately a 10 % difference in the size o f o f any given 
leg measurement. Therefore, the conformity between moulded and 
natural limbs o f amputees would be generally about 10 % -15% but not 
worse than 20%. This accuracy is still better than that found from the 
leg measurements o f amputees. A  one unit moulding system covering 
three different sizes with each size in three different lengths would be 
covered by 27 mould units.
The moulding system can be used to produce leg cosmeses using 
the silicone foam investigated in the N ew  Materials section, (chapter 5). 
The moulding o f the foam should not present many difficulties because 
silicone, and silicone foam, are used to mould facial protheses.
I f  the silicone foam is used, then the material used for the moulds 
need not be highly specialised, since the foam  can be made at room  
temperature with no special pressure requirements.
The foam  can be skinned by first applying a thin coating o f  
silicone polymer to the surface o f the mould, by hand or by spraying, 
and then adding foam  mixture into the m ould whilst the polym er 
coating is not completely cured. The polymer coating would adhere to 
the surface o f the foam mixture on curing, skinning the foam.
B y  using available solvents it is possible to spray coat the silicone 
polymer. It is therefore likely that a cosmesis can be produced from foam  
only and then spray coat the cosmeses with silicone polym er after 
moulding.
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The silicone polym er and /or silicone foam  can be 
pigmented in a range skin colour tones which are available. Therefore a 
skin colour match can be made for each patient.
The density o f silicone foam used to produce a cosmesis need not 
be constant over its full length. The density needs to be high in the knee 
area where abrasion and wear is likely to occur and the foam needs to 
be more resistant. A t all other areas the foam  need only be o f low  
density as the mechanical properties o f the foam  do not contribute 
significantly to the lifetime o f the foam.
In order to select the mould sizes needed to create a whole limb, 
and create whole limb models, using the M E D U S A  system requires user 
to have access to, and be familiar with the C .A .D . system. In order to 
make the models accessible to the non computer specialist an interactive 
program , (S .M .O .L .L .-  solid m odeling o f the low er lim b ), was 
developed. U se o f the program, (most likely by the prosthetist), w ill 
determine the sizes o f the five segmental m ould sizes needed for 
cosmesis production. The program  was written in a simple easy to 
fo llow  menu form. The sizes o f moulds selected, and model generation, 
is achieved by the input o f amputee data along with simple one key 
inputs. Details o f the program are given in appendix 5. The programs 
were written by an M sc student under the supervision o f the authorl55.
The sizes o f moulds selected is made by comparing the measured 
data from the amputee with that o f the sizes o f the moulds available. 
The Pascal program IP D A T A . P A S , (appendix 5 - 5.2.2.), selects the 
nearest match o f mould sizes with patient input data. The mould size 
data used for comparison is the data stored within the scaling tables held 
within M E D U S A . I f  the tabled data was taken outside M E D U S A  then 
the program can operate independently o f M E D U S A . Therefore, after a 
complete system o f moulds has been built access to M E D U S A  would
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not be necessary as the mould selection can be made independently o f  
M E D U S A . M E D U S A  is only necessary to produce whole lim b 3D  
models.
I f  a moulding system was rejected then the model information 
stored within M E D U S A  could be used in conjunction with a C N C  lathe 
for the direct cutting o f cosmeses. The amputee measurements and the 
size selection would be carried out in the same way as for the mould 
size selection. The cosmeses dimensions selected would be sent directly 
to the C N C  lathe for cutting. The foams currently used as cosmesis 
foams, and the silicone foam, would be difficult to cut as the materials 
deform  easily  under app lied  load. H ow ever, the silicone  
rubber/polystyrene composite obtained after curing o f  the silicone 
rubber but before dissolution o f the beads is a comparatively rigid  
material and it is likely that the this material can be machined  
satisfactorily.
8.5 C O N C L U S IO N S
(1 ) U sin g  the integration o f surface network m odelling and 
variational geometry solid models o f male and female limbs,(both right 
and left), have been generated using the M E D U S A  C .A .D . system.
(2 ) The disadvantage o f the variational geometry as a scaling medium  
is that it can only scale point data. This creates the need for faceted 
sections which may cause inaccuracies when the section is smoothed.
(3 ) Draw ing all the sections on the same drawing sheet increases the 
probability that the dimensioned points o f sections w ill have the same 
coordinates. A s  this creates m odelling difficulties, it w ou ld  be  
advantageous to have segment models on individual drawing sheets.
Page 202
(4 ) The use o f tables to contain the section size data is the most 
suitable solution for the sizing o f limb models. Tabled data allows all 
the relevant data to be contained within one drawing sheet.
(5 ) L im b models can be generated for a subject via the input o f o f six 
circumferential measurements and five segment lengths. The model 
produced w ill be representative o f the subjects lim b size within 
approximately 5%.
(6 ) The interactive program produced means that knowledge o f the 
M E D U S A  C .A .D . system is not necessary shown in appendix 6.
(7 ) The inform ation fo r  creating lim b m odels stored within  
M E D U S A  can be used to create a moulding system for cosmeses.
(8 ) The information can also be used in conjunction with a C .N .C . 
lathe for the direct cutting o f cosmeses.
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8.6 S U M M A R Y  O F  C O N C L U S I O N S  A N D
R E C O M M E N D A T I O N S
It was found from  the strain analysis that on flexion o f an 
artificial limb significant strain occurs in the knee region, and that the 
patella piece presses into the cosmesis foam. The interaction o f the 
patella piece and the cosmesis foam  causes damage to the foam. The 
maximum strain measured in this area was 65%.
The materials analysis concluded that none o f the cosmeses foams 
currently used w ould  fail at 65% strain in undamaged conditions. 
However, when the foams became cracked the mechanical properties o f 
the foam s were considerably reduced and it was found that failure 
occurred at around 65% strain when cracks reached critical lengths.
The fatigue testing o f the foams currently used identified the 
failure mechanism o f cosmeses foams as being wear induced cracking.~ 
The cracking is initiated mainly by  the interaction o f the patella piece 
with the foam. I f  wear are reduced, (via the use o f elastic netting), 
then the lifetimes o f all foams is increased. The high density foam with 
netting had a lifetime on the test rig which was more than twice that o f 
the other foams. However, under current production procedure the high 
density foam does not incorporate the use o f elastic netting.
It was recommended that netting should be used on all cosmesis 
foams, and that the shape o f the patella piece was changed so as to be 
less damaging. Alternatively the mechanism should be removed from  
limb design. A  prototype limb designed by Vessa Ltd. incorporates the 
recommended changes.
It was concluded from the investigation o f silicone foams that 
silicone foam formulations o f high density and low  crosslinker addition 
would be more resistant to wear and cracking.
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Tests on the fatigue test rig confirmed that the silicone foam was 
more resistant to w ear and cracking compared to the polyurethane 
cosmeses foams. However, when wear was reduced via the use o f solid 
polym er skin and netting then the performance improvement o f the 
silicone foam was comparatively less. The silicone foam with netting has 
a lifetime approximately three times that o f any o f the cosmesis foams 
tested in conditions currently used in production procedures. The 
silicone foam has a lifetime which is 35% longer than that o f the high 
density foam with netting.
I f  the increase in lifetime o f the silicone foam  is sufficiently 
large with respect to costs then it is recommended that the cosmesis 
material be changed to silicone foam. I f  a change in material is not 
viable then it is recommended that the high density urethane foam with 
netting be used in cosmesis production.
It was found from the leg measurement study that, leaving aside 
size variations, there was a general shape o f legs o f both males and 
females. Details o f these can be transferred to a computer aided design 
system. A  match from  the C .A .D . system for an amputees remaining 
lim b can be found, (to an accuracy of, at worst, 5% ), via the entry o f 
eleven measurements into the system. A n  interactive program written so 
that very limited knowledge o f the system is required. This is a 
significant increase in the accuracy o f matching. Mismatches between 
real and artificial limbs were found to be up to 25%.
The information from the computer system can be used either for 
moulding o f cosmeses in a range o f standard mould sizes , or be used in 
conjunction with a C .N .C . lathe for the direct cutting o f cosmeses. The 
information currently stored within the system would cater for 86% o f 
the population to an accuracy o f at worst 5%. However, the range o f 
sizes can easily be extended if required.
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It is recommended that the cosmesis production procedure be 
changed to a moulding or cutting system. This would remove the need 
for the labour intensive hand shaping o f cosmeses, reduce material 
waste, and significantly improve the accuracy o f matching real and 
artificial limbs.
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I n s t i t u t e  f o r  C o n s u m e r  E r g o n o m i c s  L t d . ,  U n i v e r s i t y  o f  T e c h n o l o g y  
L o u g h b o r o u g h ,  L e i c e s t e r s h i r e ,  1 9 7 4 .
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( 1 2 8 )  J J S .  C R O N E Y .
A n  a n t h r o p o m e t r i c  s t u d y  o f  y o u n g  w o m e n  f a s h i o n  s t u d e n t s ,  
i n c l u d i n g  a  f a c t o r  a n a l y s i s  o f  b o d y  m e a s u r e m e n t s .
M a n  ( N S ) ,  1 9 6 8 ,  V o l  1 2 ,  p 4 8 4 - 4 9 6 .
( 1 2 9 )  S . C .  C L Y D E ,  R . G .  S N Y D E R ,
A n t h r o p o m e t r y  o f  a i r  t r a f f i c  c o n t r o l  t r a i n e e s .
R e p o r t  N o .  A M  6 5 - 2 6 ,  F e d r a l  A v i a t i o n  A g e n c y ,  O f f i c e  o f  A v i a t i o n  
M e d i c i n e ,  C i v i l  A e r o m e d i c a l  R e s e a r c h  I n s t i t u t e ,  O k l a h o m a  C i t y ,  
O k l a ,  7 3 1 2 5 ,  1 9 6 5 .
( 1 3 0 )  F . E .  R A N D A L L ,  A .  D A M O N ,  R .  B E N T O N ,  D .  P A T T ,
H u m a n  b o d y  s i z e  i n  m i l i t a r y  a n d  p e r s o n a l  e q u i p m e n t .
A R M Y  A I R  F O R C E  C A D E T S .
A R M Y  A I R  F O R C E  G U N N E R S .
T e c h n i c a l  R e p o r t  5 5 0 1 ,  A r m y  A i r  F o r c e ,  A i r  M a r t i a l  C o m m a n d ,  
W r i g h t  F i e l d ,  D a y t o n ,  O h i o ,  1 9 4 6 .
( 1 3 1 )  G . S .  D A N I E L S ,  H . C .  M E Y E R S ,  E .  C H U R C H I L L ,
A n t h r o p o m e t r y  o f  m a l e  b a s i c  t r a i n e e s .
T e c h n i c a l  R e p o r t  5 3 - 4 9 ,  W r i g h t  A i r  D e v e l o p m e n t  C e n t r e ,  W r i g h t  
P a t t e r s o n  A i r  F o r c e  B a s e ,  O h i o ,  1 9 5 3 .
( 1 3 2 )  H . T .  H E R T Z B E R G ,  G . S .  D A N N I E L S ,  E .  C H U R C H I L L ,  
A n t h r o p o m e t r y  o f  f l y i n g  p e r s o n n e l .
T e c h n i c a l  R e p o r t  5 2 - 3 2 1 ,  W r i g h t  A i r  D e v e l o p m e n t  C e n t r e ,  W r i g h t  
P a t t e r s o n  A i r  F o r c e  B a s e ,  O h i o ,  1 9 5 4 .
( 1 3 3 )  E . C .  G I F F O R D ,  J . R .  P R O V O S T ,  J . L A Z O ,
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A n t h r o p o m e t r y  o f  n a v a l  a v i a t o r s .
N A E C - A C E L  5 3 3 ,  U . S .  N a v a l  A i r  E n g i n e e r i n g  C e n t r e ,  P h i l a d e l p h i a ,  
P A ,  1 9 6 5 .
( 1 3 4 )  C H U R C H I L L ,  K I K T A ,  C H U R C H I L L ,
I n t e r c o r r e l a t i o n s  o f  a n t h r o p o m e t r i c  m e a s u r e m e n t s .
U . S .  A I R  F O R C E  F L Y I N G  P E R S O N N E L -  T O T A L  S E R I E S .
T R  7 7 - 1  A e r o s p a c e  M e d i c a l  R e s e a r c h  L a b o r a t o r y ,  W r i g h t  P a t t e r s o n  
a i r  f o r c e  B a s e ,  O h i o ,  1 9 7 8 .
( 1 3 5 )  R . M .  W H I T E ,  E .  C H U R C H I L L ,
A R M Y  S O L D I E R S .
T h e  b o d y  s i z e  o f  s o l d i e r s :  U . S .  a r m y  a n t h r o p o m e t r y .
T e c h n i c a l  R e p o r t  7 2 - 5 1 - C E ,  U . S .  A r m y  N a t i c k  L a b o r a t o r i e s ,  N a t i c k  
M a s s .  0 1 7 6 0 , 1 9 7 1 .
( 1 3 6 )  R . M .  W H I T E ,
N A V Y  E N L I S T E D .
T h e  B o d y  s i z e  o f  S o l d i e r s :  U . S .  A r m y  A n t h r o p o m e t r y .
S u r v e y  3 0 ,  U . S .  A r m y  N a t i c k  L a b o r a t o r i e s ,  N a t i c k  M a s s .  0 1 7 6 0 ,  
1 9 6 5 .
( 1 3 7 )  R . M .  W H I T E ,
M A R I N E  E N L I S T E D .
T h e  b o d y  s i z e  o f  s o l d i e r s :  U . S .  a r m y  a n t h r o p o m e t r y .
U . S .  A r m y  N a t i c k  L a b o r a t o r i e s ,  N a t i c k  M a s s .  0 1 7 6 0 ,  1 9 6 5 .
( 1 3  8 )  N A T I O N A L  H E A L T H  E X A M I N A T I O N  S U R V E Y  1 9 6 2 -
T O T A L  M A L E  P O P U L A T I O N .
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C y c l e  1  o f  t h e  H e a l t h  E x a m i n a t i o n  S u r v e y :  S a m p l e  a n d  R e s p o n s e ,  
U n i t e d  S t a t e s .
P u b l i c  H e a l t h  S e r v i c e  P u b l i c a t i o n  N o .  1 0 0 0 ,  S e r i e s  1 1 ,  N o . l ,  U . S .  
G o v e r n m e n t  P r i n t i n g  O f f i c e ,  W a s h i n g t o n  D . C . ,  1 9 6 5 .
( 2 )  H . W .  S T O U D T ,  A .  D A M O N ,  R .  M c F A R L A N D ,  J .  R O B E R T S .
W e i g h t  h e i g h t  a n d  S e l e c t e d  B o d y  D i m e n s i o n s  o f  A d u l t s ,  U n i t e d  
S t a t e s .
P u b l i c  H e a l t h  S e r v i c e  P u b l i c a t i o n  N o .  1 0 0 0 ,  S e r i e s  1 1 ,  N o . 8 ,  U . S .  
G o v e r n m e n t  P r i n t i n g  O f f i c e ,  W a s h i n g t o n  D . C . ,  1 9 6 5 .
( 3 )  H . W .  S T O U D T ,  A .  D A M O N ,  R .  M c F A R L A N D ,  J .  R O B E R T S .
S k i n f o l d s  B o d y  G i r t h s ,  B i a c r o m i a l  D i a m e y e r ,  a n d  S e l e c t e d  B o d y  
I n d i c i e s  o f  A d u l t s ,  U n i t e d  S t a t e s .
U . S .  D e p a r t m e n t  o f  H e a l t h  E d u c a t i o n  a n d  W e l f a r e  P u b .  N o .  ( H R A )  
7 4 - 1 2 8 1 .  N a t i o n a l  C e n t r e  f o r  H e a l t h  S t a t i s t i c s ,  R o c k v i l l e ,  M a r y l a n d .  
1 9 7 0 .
( 1 3 9 )  A n o n y m o u s .
E t u d e  a n t h r o p o m e t r i q u e  d e s  p e r s o n n e l s  m i l i t a i r e s  d e s  a r m e e s .  
F R E N C H  N A V Y  I I
A n t h r o p o l o g i e  A p p l i q u e e ,  4 5 ,  R u e  d e s  S a i n t s - P e r e s ,  P a r i s ,  6 e ,  
F r a n c e  1 9 7 3 .
( 1 4 0 )  E .  G O L T Z ,  B .  P L A T Z .
A n t h r o p o m e t r i c  s t u d y .
R e p o r t  N u m b e r  T - 4 1 8 .  T r a n s l a t e d  f r o m  g e r m a n  b y  G e n e r a l  M o t o r s  
C o r p o r a t i o n ,  M i l i t a r y  V e h i c l e s  O r g a n i s a t i o n ,  1 9 6 5 .
( 1 4 1 )  H . J .  G R U N H O F E R ,  G .  K R O H .
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A  r e v i e w  o f  a n t h r o p o m e t r i c  d a t a  o f  g e r m a n  a i r  f o r c e  a n d  u n i t e d  
s t a t e s  a i r  f o r c e  f l y i n g  p e r s o n n e l .
A G A R D - A G - 2 0 5 ,  A d v i s o r y  G r o u p  f o r  A e r o s p a c e  R e s e a r c h  a n d  
D e v e l o p m e n t ,  7 ,  R u e  A n c e l l e ,  9 2 2 0 0  N e u i l l y  s u r  S e i n e ,  F r a n c e  1 9 7 5 .
( 1 4 2 )  C .  M c C A N N ,  N . B .  R O D D E N ,  O .  L O G A N ,
A n t h r o p o m e t r i c  s u r v e y  o f  C a n a d i a n  f o r c e s  p e r s o n n e l .  D C I E M .  
R e p o r t  N o .  7 5 - R - 1 1 1 4 ,  D e f e n c e  a n d  C i v i l  I n s t i t u t e  o f  E n v i r o n m e n t a l  
M e d i c i n e ,  D o w n s  V i e w ,  O n t a r i o ,  1 9 7 5 .
( 1 4 3 )  N . E .  I N C E ,  S .  R E D R U P ,  J .  P I P E R ,
A n t h r o p o m e t r y  o f  5 0 0  R o y a l  A r m o u r e d  C o r p s  s e r v i c e m e n .
R e p o r t  N o .  3 6 / 7 3 ,  R o y a l  A i r c r a f t  E s t a b l i s h m e n t ,  F a r n b o r o u g h ,  
H a n t s .  1 9 7 3 .
( 1 4 4 )  C . B .  B O L T O N ,  M .  K E N W A R D ,  R . E .  S I M P S O N ,  G . M .  T U R N E R .
A n  a n t h r o p o m e t r i c  s u r v e y  o f  2 0 0 0  R o y a l  A i r  F o r c e  c r e w .
T e c h n i c a l  R e p o r t ,  7 3 0 8 3 , R o y a l  A i r c r a f t  E s t a b l i s h m e n t ,  
F a r n s b o r o u g h ,  H a n t s .  1 9 7 3 .
( 1 4 5 )  R . E .  S I M P S O N  C . B .  B O L T O N .
A n  a n t h r o p o m e t r i c  s u r v e y  o f  2 0 0  R . A . F .  a n d  R . N .  A i r c r e w  a n d  t h e  
a p p l i c a t i o n  o f  t h e  d a t a  t o  g a r m e n t  s i z e  r o l l s .
T e c h n i c a l  R e p o r t  6 7 1 2 5 ,  R o y a l  A i r c r a f t  E s t a b l i s h m e n t ,  F a r n b o r o u g h ,  
H a n t s .  1 9 6 8 .
( 1 4 6 )  A n o n y m o u s ,
R O Y A L  C A N A D I A N  A I R  F O R C E  P I L O T S ,
R C A F  a n t h r o p o m e t r i c a l  s u r v e y ,
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D e f e n c e  D o c u m e n t a t i o n  C e n t r e ,  D e f e n s e  S u p p l y  A g e n c y ,  C a m e r o n
S t a t i o n ,  A l e x a d r i a ,  V a . ,  1 9 6 1 6 2 .  1 9 7 2
( 1 4 7 )  A n o n y m o u s ,
R O Y A L  C A N A D I A N  A I R  F O R C E  N A V I G A T O R S ,
R C A F  a n t h r o p o m e t r i c a l  s u r v e y ,
D e f e n c e  D o c u m e n t a t i o n  C e n t r e ,  D e f e n s e  S u p p l y  A g e n c y ,  C a m e r o n
S t a t i o n ,  A l e x a d r i a ,  V a . ,  1 9 6 1 6 2 .  1 9 7 2
( 1 4 8 )  P . K .  T O U L S O N ,
R e p o r t  o n  t h e  a n t h r o p o m e t r i c a l  s u r v e y  o f  R N Z A F  a i r c r e w ,
R e p o r t  N o .  A M U  3 / 7 4 ,  A v i a t i o n  M e d i c i n e  U n i t ,  R o y a l  N e w  Z e a l a n d  
A i r  F o r c e ,  A u k l a n d ,  N e w  Z e a l a n d ,  1 9 7 4 .
( 1 4 9 )  A n o n y m o u s ,
R A F F  a n t h r o p o m e t r i c  s u r v e y ,
R e p o r t  N o .  T S  1 6 1 4 ,  R o y a l  A u s t r a l i a n  A i r  F o r c e ,  A i r c r a f t  R e s e a r c h  
a n d  D e v e l o p m e n t  U n i t ,  L a v e r t o n ,  A u s t r a l i a ,  1 9 7 3 .
( 1 5 0 )  T .  L E W I N ,
A n t h r o p o m e t r i c  s t u d i e s  o n  S w e d i s h  i n d u s t r i a l  w o r k e r s  w h e n
s t a n d i n g  a n d  s i t t i n g ,
E r g o n o m i c s ,  V o l .  1 2 ,  N o .  6 ,  1 9 6 9 .
( 1 5 1 )  B .  A N D R A E ,  J .  E K M A R K ,  H .  L A E S T A D I U S ,
A n t h r o p o m e t r y  o f  f l y i n g  p e r s o n n e l  i n  t h e  R o y a l  S w e d i s h  A i r  F o r c e ,  
L i b a r y  T r a n s l a t i o n s  N o .  1 5 0 2 ,  R o y a l  A i r c r a f t  E s t a b l i s h m e n t ,  
F a r n b o r o u g h ,  H a n t s .  E n g l a n d  1 9 7 1 .
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( 1 5 2 )  A n o n y m o u s ,
A u s t r a l i a n  a r m y  a n t h r o p o m e t r i c  s u r v e y :  B o d y  d i m e n s i o n s ,  
H e a d q u a r t e r s ,  A r m y  i n s p e c t i o n  S e r v i c e ,  M e l b o u r n e ,  A u s t r a l i a ,  
1 9 7 0 .
( 1 5 3 )  R . A .  F I S H E R
M r  F  H a d e n ,  U n i v e r s i t y  o f  S u r r e y ,  P r i v a t e  C o m m u n i c a t i o n .
( 1 5 4 )  .  W . J .  B O ,  I .  M E S C H A N ,  W . A . K R U E G E R ,
B a s i c  a t l a s  o f  c r o s s  s e c t i o n a l  a n a t o m y .
W . B .  S a u n d e r s  &  C o . ,  1 9 8 0 ,  p 2 5 2 - 2 7 1 .
( 1 5 5 )  I C .  L I M ,
S o l i d  M o d e l l i n g  o f  t h e  L o w e r  L i m b  u s i n g  t h e  M E D U S A  C . A . D .  
S y s t e m .
M S c .  R e p o r t ,  U n i v e r s i t y  o f  S u r r e y ,  M e c h a n i c a l  E n g i n e e r i n g  
D e p a r t m e n t ,  1 9 9 0 .
( 1 5 6 )  D R .  A N T O N Y  H A R R I S .
H u m a n  M e a s u r e m e n t .
H e i n e m a n n  E d u c a t i o n a l  B o o k s , 1 9 7 3 ,  p 8 9 .
( 1 5 7 )  M .  H A M M E R T O N  
S t a t i s t i c s  f o r  t h e  H u m a n  S c i e n c e s ,
L o n g m a n ,  L o n d o n ,  1 9 7 8 ,  p l 3 .
( 1 5 8 )  M .  S P I N D L E R .
H u m a n  L e g  M o d e l .
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F i n a l  Y e a r  P r o j e c t ,  U n i v e r s i t y  o f  S u r r e y ,  D e p a r t m e n t  o f  M e c h a n i c a l  
E n g i n e e r i n g .  1 9 8 9 .
( 1 5 9 )  C .  D O U T H W A I T E
C o m p u t e r  A i d e d  E n g i n e e r i n g -  A n  I n t e r g r a l  P a r t  o f  t h e  D e s i g n  
P r o c e s s .
U n i v e r s i t y  o f  S u r r e y  C . A . D .  M a n u a l ,  I s s u e  7 ,  1 9 8 9 .
U n i v e r s i t y  o f  S u r r e y ,
M e c h a n i c a l  E n g i n e e r i n g  D e p a r t m e n t .
( 1 6 0 )  R .  F O S T E R ,
D O C  8 9 4 3  -  1 L A :  P r i m e  M E D U S A  D e s i g n  M o d e l l i n g .
S y s t e m  u s e r s  g u i d e .  R e a l e a s e  ' I . O ’ .
P r i m e  C o m p u t e r s  I n c o r p o r a t e d .  1 9 8 4 .
1 6 0 a  C h a p t e r  2 .
1 6 0 b  C h a p t e r 3  p 6 - 7 .
1 6 0 c  C h a p t e r  1 2 .
1 6 0 d  C h a p t e r  4  p 2 0 - 2 1 .
1 6 0 e  C h a p t e r  3  p 2 7 - 3 5 .
( 1 6 1 )  R .  M A Y O ,
T e r r a i n  M o d e l l i n g  U s i n g  M E D U S A  S o f t w a r e  U s e r  G r o u p .
L o u g h b o r o u g h  U n i v e r s i t y  o f  T e c h n o l o g y  
D e p a r t m e n t  o f  C i v i l  E n g i n e e r i n g ,  1 9 8 9 -
( 1 6 2 )  D . P Y E ,
1  L A :  S . A . M . M . I . E .  E n v i r o n m e n t  R e f e r e n c e  G u i d e ,
R e l e a s e  ' 3 . 0 ' ,
P r i m e  C o m p u t e r s  I n c o r p o r a t e d ,  1 9 8 5
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( 1 6 3 )  J .  H U X T A B L E ,
2 L A :  P r i m e  M E D U S A  V a r i a t i o n a l  G e o m e t r y  U s e r s  g u i d e .
R e l e a s e  ' 4 . 0 ‘ ,
P r i m e  C o m p u t e r s  I n c o r p o r a t e d ,  1 9 8 6 .
1 6 3 a  C h a p t e r  2  p 4 - 5 .
1 6 3 b  C h a p t e r  4 .
1 6 3 c  C h a p t e r  5  p 3 .
1 6 3 d  C h a p t e r  5  p 4 - 1 3 .
1 6 3 e  C h a p t e r  1 0 .
( 1 6 4 )  I . D .  B O N D ,
C o m p u t e r  A i d e d  S p u r  G e a r  D e s i g n  P a c k a g e ,  i n c o r p o r a t i n g  M E D U S A  
i n t e r f a c e .
F i n a l  Y e a r  R e p o r t ,  U n i v e r s i t y  o f  S u r r e y ,  1 9 8 8 .
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A P P E N D IX  1 D E T A I L E D  M E A S U R E M E N T S  O F
C IR C U M F E R E N C E S
1. M E T H O D  S E L E C T E D  F O R  D E T A I L E D  
C IR C U M F E R E N T IA L  C R O S S  S E C T IO N  D A T A
Several methods were considered as possible
methods for use for detailed cross section measurements, however, the 
most practical and appropriate was found to be the use o f "orthoplast"- 
a trade name for a splinting material manufactured by Johnson &  
Johnson.
Orthoplast is a thermoplastic splinting material which is rigid at 
room  temperature but becom es soft and m alleab le  at elevated  
temperatures. In order to soften the material it is necessary to place the 
material in oven, (or hot water bath), at a temperature o f 70-75 degrees 
centigrade for three minutes. The material can then be wrapped around 
a sculptured surface, (around a leg circumference for example), and be 
allowed to cool to room temperature and harden retaining the shape o f 
the sculptured surface.
This was regarded as a practical and suitable solution for 
obtaining cross section profiles.
1.1 E X P E R IM E N T A L  P R O C E D U R E
The circumferential sections o f five females and six males were 
m easured, at the same six measurement sites used in the leg  
measurement section, using the the orthoplast splinting material.
Subjects stood on an even floor with the feet placed slightly apart, 
and on two markers placed on the floor. Thin strip markers were 
placed at the at the six measurement sites on the subjects limb, (as was 
done in the leg measurement w ork ), and the circumferences 
measured using a soft tape measure. These results were "t" tested with
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respect to the populations o f males and females measured in the leg  
measurement section to ensure the the new experimental samples could 
be drawn from the same populations.
Six strips o f orthoplast, (5mm w ide), were placed in an oven at 
70 degrees for three minutes until soft. The material was then removed 
from the oven an allowed to cool until the temperature o f the material 
did not discomfort the subject when applied to the skin. The material at 
this stage was still fu lly malleable. The orthoplast strips were then 
wrapped around the subjects lim b at the six measurement sites and 
allowed to cool until almost rigid.
T w o  reference marks were placed on the orthoplast using a 
combination ruler set. A  combination ruler set consists o f two metal 
arms that are hinged at one point. The metal arms can be m oved and 
positioned at various angles, (range 0 to 90 degrees). The ruler was held 
directly in front each measurement site and m oved onto the limb site. 
W here the two arms o f the ruler touched the orthoplast strip reference 
markers were placed. The ruler was held parallel to the floor. This was 
ensured by using a spirit level. Care was taken that the position o f the 
two arms was set and was consistent throughout the experiment.
The orthoplast strips were slightly longer than the circumferences 
that were to be measured. W hen the orthoplast was wrapped around a 
circumferential site the point where it first overlapped and the point 
where the exposed end rested were also marked in order to allow  for a 
more accurate reconstruction o f the circumferential shape after removal 
o f the orthoplast.
The orthoplast was then removed from the subject, (with as little 
disturbance to the shape as possible so as to produce kinks in the 
material), and reformed. The orthoplast was allowed to completely
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harden and the shape was the traced onto a piece o f blank paper with all 
reference markers noted.
The traced circumferential shapes were taken and tangents drawn 
from the the two reference marks made with the combination ruler set. 
W here the lines intersected perpendicularly created a reference point, 
(figure 1A ).
anterior/posterior width
maximum reference planes.
t
reference point for angled lines 
Figure 1A Diagram o f new point generation.
Lines were drawn extending from  the reference point at ten 
degree intervals. This split the section into nine equal parts. W here the 
lines intersected with the circumferential section a point was said to be 
created. The distances o f the new points from the reference point was 
measured for each section o f each subject. The averages o f these 
distances was calculated and average sections drawn fo r each
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measurement site for both male and female subjects. The sections drawn 
were then scaled so the anterior/posterior width maximums and the 
medial/lateral width maximums matched those found from  the leg  
measurement results.
Using the anterior/posterior width maximum direction as one 
reference plane and the medial/lateral width maximum as the other 
reference p lane eight new  points w ere generated from  the 
circumferential sections obtained from the experimental data. The  
dimensions o f these points were calculated relative to the intersection of 
the anterior/posterior, and medial/lateral planes, (figure 2A ).
anterior/posterior width 
maximum reference planes.
Figure 2 A  new points dimensioned on circumferential section.
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1.2. R E S U L T S
The results o f the circumferential measurements taken from the 
new experimental group, (both males and females), are shown in tables 
I A  and 2A. A lso  shown in the tables are the average measurements, o f 
the same circumferences, o f the previous experimental populations.
The values obtained from the "t" test between the experimental 
groups are given with each experimental group. For thirty five degrees 
o f freedom it was found that for a significant difference at the 0.1 level, 
(the lowest difference level considered), the value o f "t" would have to 
be in excess o f 1.7. For a significant difference at the 0.001 level, (the 
level accepted for certain difference), the value o f "t" would have to be 
in excess o f 3.65.
It was found that only one measurement registered a "t" value 
which was found to match even the the lowest, 0.1, level o f significance. 
This value, (1.70), was obtained from the comparison o f the new  
experimental male groups knee circumference with that o f the amputee 
experimental group knee circumference. A ll  other "t” values for both 
males and females were found to be w ell be low  even the lowest 
significance level.
The results strongly suggest that the small sample taken for the 
more detailed circumferential section measurement, o f both male and 
females, are not significantly different from the relevant populations 
measured in the leg measurement study. Therefore, they are a suitable 
sample for more detailed section measurement.
The circum ferential cross sections produced from  the 
experim ental w ork  which  w ere scaled, so as to have their 
anterior/posterior and medial/lateral width maximums matching those 
produced from the leg measurement study.
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NEW EXP. 
MALES
EXP. MALES FROM 
LEG RESULTS
EXP. AMPUTEE 
MALES
CIRC/cm MEAN S.D. MEAN S.D. n ^  ii MEAN S.D. II ^  if
THIGH 47.2 3.6 46.8 2.6 0.26 47.6 3.6 0.24
ABOVE KNEE 39.3 2.9 39.1 2.2 0.16 41.0 3.6 0.94
KNEE 37.6 1.8 38.1 1.9 0.61 39.1 2.4 1.70
BELOW KNEE 34.4 2.2 34.5 1.9 0.10 35.3 2.6 0.86
CALF 37.1 3.2 37.4 2.1 0.30 37.6 2.8 0.35
ANKLE 22.9 1.8 22.8 1.2 0.13 23.0 1.6 0.12
Table 1A summary o f male measurements.
NEW EXP. 
FEMALES
EXP. FEMALES FROM 
LEG RESULTS
CIRC/cm MEAN S.D. MEAN S.D. It <£ 1
THIGH 47.1 2.2 47.6 2.9 0.43
ABOVE KNEE 39.1 2.6 39.1 2.4 0
KNEE 36.6 1.8 36.7 2.1 0.78
BELOW KNEE 33.6 2.4 34.2 1.9 0.53
CALF 35.6 2.4 36.1 1.9 0.51
ANKLE 22.1 1.6 22.2 1.0 0.14
Table 2A  Summary o f  female measurements.
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APPENDIX 2 LE G  MEASUREMENTS
TH CIR A K  CIR KNEE CIR BK  CIR CALF CIR A N K  CIR SUBJECT
43.8 35.1 33.2 31.4 34.3 20.1 1
40.3 35 33.7 30.6 33.3 21.5 2
47.5 38.5 35.8 32.5 35.7 22 3
42.8 36.1 34.1 31.4 33.6 21.4 4
47 40.3 36.3 35.1 37.4 21.5 5
43.2 35.6 33.1 31 32.2 20 6
45.1 35.6 33.5 31.2 34.6 21.3 7
48.6 37.8 34.7 31.6 34.5 21.4 8
42.5 36.8 35.5 32.2 35 22.6 9
46.8 38.5 35.8 37.2 34.9 20.4 10
50 39.5 36.8 35 37.2 23.3 1 1
44 38.9 37.2 35.3 37.2 22.3 12
47.5 37.5 35.3 32.8 36.4 22.4 13
48 36.7 35.5 31.7 33.3 20.6 14
48.3 40.2 37.7 35 34.8 22.1 15
47.2 38.7 36.4 35.4 39 23 16
53.9 41 36.7 34.4 37.7 22.2 1 7
46 39.3 37.8 35.3 35.6 23.8 1 8
49.4 41.3 39.2 33.7 35.8 22.6 19
47.2 38 36.4 33.8 37 22.1 20
50 40.4 37 34.7 36.3 22.9 21
47.6 42.5 39.4 37.2 38.5 24 22
49.8 43.2 39.5 39.1 39.8 22.9 23
49 40.7 37.7 36.2 39.3 22.6 24
49.4 43.4 39.6 35.3 36.4 22 25
54.2 40.3 36.2 35.5 39.7 23.9 26
46.5 37.7 38.4 35.7 35.8 22.5 27
49.2 41.7 39.3 35 35.7 23 28
50.2 41.3 39.6 34.9 36 22.3 29
50.1 41.8 40.3 37.2 37.2 22.9 30
A ll  measurements in cm.
C IR  =  Circumference, T H  =  Thigh, B K  =  B elow  Knee 
A K  =  above Knee A N K  =  Ankle
Table 3A  Female Measurements.
A2- 1
TH APW AK APW KNEE APW BK APW CALF APW ANK APW SUBJECT
1 4 1 1 . 2 1 0 . 6 9 . 9 1 0 . 9 6 . 9 1
1 4 . 1 1 1 . 1 1 0 . 8 9 . 8 1 0 . 4 7 . 6 2
1 5 . 4 1 1 . 8 1 0 . 8 9 . 9 1 1 . 2 7 . 6 3
1 6 . 9 1 1 . 7 1 0 . 9 1 0 . 4 1 1 . 3 7 . 5 4
1 5 . 7 1 2 . 4 1 0 . 9 1 0 . 2 1 2 7 . 2 5
1 4 . 4 1 1 . 4 1 1 . 0 9 . 9 1 0 . 6 7 . 2 6
1 4 . 9 1 1 . 7 1 1 . 1 1 0 . 6 1  1 7 . 4 7
1 5 . 7 1 2 1 1 . 3 9 . 7 1 0 . 7 7 8
1 4 . 8 1 1 . 7 1 1 . 4 1 0 . 3 1 1 . 3 8 9
1 6 . 2 1 2 . 3 1 1 . 4 1 0 . 3 1 1 . 2 7 . 2 1 0
1 6 . 5 1 2 . 2 1 1 . 4 1 0 . 6 1 2 7 . 6 1  1
1 4 . 6 1 2 . 3 1 1 . 6 1 0 . 9 1 1 . 6 8 1  2
1 5 . 7 1 2 . 3 1 1 . 7 1 0 . 2 1 1 . 6 7 . 8 1  3
1 6 . 1 1 2 . 4 1 1 . 8 1 0 . 6 1 0 . 8 7 . 3 1 4
1 6 . 1 1 2 . 7 1 1 . 8 1 0 . 6 1 0 . 8 7 . 6 1 5
1  6 1 2 . 7 1 1 . 8 1 1 1 2 . 7 8 . 2 1 6
1 7 . 4 1 2 . 8 1 1 . 8 1 0 . 2 1 1 . 6 7 . 3 1 7
1 5 . 2 1 2 . 5 1 1 . 8 1 0 . 8 1  1 8 . 1 1  8
1 6 . 9 1 3 . 1 1 1 . 9 1 0 1 1 . 5 8 . 1 1  9
1 5 . 2 1 2 . 2 1 2 1 0 . 1 1 1 . 8 7 . 6 2 0
1 6 . 8 1 2 . 9 1 2 1 0 . 7 1 1 . 5 7 . 9 2 1
1 6 1 3 . 9 1 2 . 2 1 1 . 4 1 2 . 5 8 . 9 2 2
1 7 1 3 . 8 1 2 . 3 1 1 . 8 1 2 . 5 8 . 1 2 3
1 6 . 2 1 3 . 5 1 2 . 5 1 2 1 2 . 6 7 . 7 2 4
1 6 . 4 1 3 . 8 1 2 . 5 1 1 . 3 1 1 . 7 7 . 2 2 5
1 8 . 6 1 4 . 4 1 2 . 6 1 1 1 2 . 8 8 . 5 2 6
1 6 1 2 . 8 1 2 . 8 1 1 1 1 7 . 7 2 7
1 5 . 9 1 3 . 4 1 2 . 8 1 0 . 8 1 1 . 1 7 . 8 2 8
1 6 . 8 1 3 . 4 1 3 . 1 1 1 1 1 . 5 7 . 7 2 9
1 7 . 2 1 3 . 4 1 3 . 1 1 2 . 2 1 1 . 5 7 . 6 3 0
A ll  measurements in cm.
A P W  =  Anterior/posterior Width.
T H  =  Thigh B K  =  Below  Knee
A K  =  above Knee A N K  =  Ankle
Table 3 A  cont. Female Measurements
A 2 -2
TH MLW  AK M LW  KNEE M LW  BK M LW  CALF M LW  ANK M LW  SUBJECT
1 2 . 3 1 1 . 2 1 0 . 5 1 0 . 3 1 0 . 8 5 . 1 1
1 1 . 7 1 1 . 1 1 0 . 6 9 . 1 1 0 . 2 5 . 5 2
1 3 . 7 1 1 . 9 1 1 . 4 1 0 . 1 1 0 . 9 5 . 8 3
1 2 . 1 1 1 1 0 9 . 8 1 0 . 5 5 . 4 4
1 3 . 4 1 2 . 6 1 2 . 2 1 1 . 3 1 1 . 2 5 . 6 5
1 2 . 4 1 1 . 3 1 0 . 2 1 0 . 1 1 0 . 2 5 . 3 6
1 2 . 5 1 1 . 7 1 0 . 5 1 0 . 0 1 0 . 8 5 . 5 7
1 3 . 8 1 1 . 3 1 0 . 6 1 0 . 2 1  1 5 . 7 8
1 2 . 3 1 1 . 7 1 1 . 2 9 . 6 1 0 . 7 5 . 8 9
1 4 1 2 1 1 . 4 1 0 . 6 1  1 5 . 8 1 0
1 5 . 1 1 2 . 5 1 2 . 1 1 1 . 2 1 1 . 6 6 1  1
1 2 . 7 1 2 1 1 . 4 1 1 . 7 1 1 . 6 5 . 7 1 2
1 3 . 7 1 1 . 7 1 1 . 1 1 0 . 6 1 1 . 4 5 . 8 1  3
1 4 1 1 . 1 1 0 . 7 9 . 7 1 0 . 5 5 . 2 1 4
1 4 . 1 1 2 1 1 . 4 1 1 . 2 1 0 . 8 5 . 5 1 5
1 3 . 9 1 2 . 3 1 1 . 8 1 1 . 5 1 2 . 7 6 . 1 1  6
1 5 . 7 1 2 . 7 1 2 . 1 1 1 . 4 1 2 . 1 5 . 7 1 7
1 2 . 9 1 2 . 1 1 2 . 6 1 1 1 0 . 8 5 . 9 1  8
1 4 . 4 1 2 . 1 1 1 . 9 1 0 . 2 1  1 5 . 4 1  9
1 3 . 8 1 1 . 7 1 1 . 3 1 0 . 5 1 1 . 5 5 . 9 2 0
1 4 . 1 1 2 . 1 1 1 . 5 1 1 . 3 1 . 7 5 . 9 2 1
1 3 . 8 1 3 1 2 . 6 1 1 . 8 1 2 . 1 6 . 1 2 2
1 4 . 6 1 3 . 7 1 2 . 9 1 2 . 6 1 2 . 7 5 . 9 2 3
1 3 . 6 1 2 . 1 1 1 . 3 1 1 . 4 1 2 . 6 5 . 7 2 4
1 4 . 8 1 3 . 3 1 2 . 4 1 1 . 1 1 1 . 4 5 . 6 2 5
1 5 . 2 1 3 . 4 1 2 . 8 1 1 . 2 1 2 . 5 6 . 2 2 6
1 4 . 2 1 1 . 6 1 1 . 5 1 0 . 8 1 0 . 9 5 . 5 2 7
1 4 . 6 1 2 . 8 1 2 . 1 1 1 . 2 1 1 . 2 6 2 8
1 4 . 1 1 2 . 7 1 2 1 1 . 5 1 1 . 1 5 . 8 2 9
1 4 . 4 1 2 . 7 1 2 . 4 1 1 . 5 1 1 . 1 5 . 5 3 0
A ll measurements in cm.
M L W  =  Medial/Lateral Width.
T H  =  Thigh B K  =  B elow  Knee
A K  =  above Knee A N K  =  Ankle
Table 3 A  cont. Female measurements
A2- 3
H E I G H T K N E E  T O  A N K C A L F  T O  A N K S U B J E C T
1 6 0 3 0 . 2 1 7 . 1 1
1 5 8 3 3 . 4 1 8 . 2 2
1 6 4 3 3 . 8 1 8 . 4 3
1 6 6 3 2 . 7 2 0 4
1 6 8 3 3 . 7 1 8 . 6 5
1 5 5 3 1 . 8 1  8 6
1 6 1 3 3 . 0 1 7 . 6 7
1 6 3 . 5 3 2 . 3 1 7 . 7 8
1 6 6 3 5 . 2 1 9 . 5 9
1 5 7 3 2 . 7 1 9 . 9 1 0
1 6 5 3 5 . 3 2 0 . 2 1  1
1 6 1 3 2 . 7 2 2 . 3 1 2
1 7 0 3 4 . 7 1 8 . 5 1 3
1 6 3 . 5 3 2 . 1 2 0 . 1 1 4
1 7 3 3 3 . 2 1 8 . 5 1 5
1 7 6 3 6 . 7 2 0 1 6
1 5 3 3 1 . 5 1 7 . 5 1 7
1 6 9 . 5 3 4 . 7 1 7 . 5 1  8
1 6 3 3 4 . 3 1 7 . 2 1 9
1 6 7 3 5 . 6 2 1 . 8 2 0
1 6 9 . 5 3 3 . 3 1 9 . 8 2 1
1 7 8 3 8 . 2 2 1 . 8 2 2
1 6 7 3 4 . 2 1 9 . 1 2 3
1 6 2 3 3 . 2 2 0 . 6 2 4
1 6 0 . 5 3 4 . 6 1 8 . 2 2 5
1 6 0 3 3 . 8 1 7 . 5 2 6
1 7 5 3 6 . 6 2 1 . 2 2 7
1 6 7 3 3 . 8 1 8 . 4 2 8
1 6 5 3 4 . 9 2 0 . 2 2 9
1 7 1 3 4 . 3 2 0 . 1 3 0
A ll measurements in cm. 
A N K  =  Ankle
Table 3A  cont. Female measurements.
A 2 -4
TH C IR  A K C IR  KNEE CIR BK O R  CALF CIR ANK CIR SUBJECT
5 1 . 1 4 4 . 3 4 3 3 7 . 4
4 9 . 9 4 0 . 7 3 9 . 5 3 5 . 7
4 9 . 6 3 9 . 1 3 5 . 9 3 2 . 1
4 9 . 4 4 0 . 7 3 8 . 8 3 6
4 9 . 1 3 8 . 3 3 6 . 3 3 3 . 2
4 9 4 2 4 0 . 4 3 7 . 5
4 9 4 1 . 8 4 0 . 9 3 7 . 3
4 9 4 2 . 3 4 0 . 1 3 5
4 9 4 0 . 8 3 9 . 7 3 6
4 8 . 8 3 7 . 5 3 6 . 4 3 2 . 7
4 8 . 2 4 0 . 7 4 0 . 1 3 5 . 6
4 8 4 1 . 4 3 9 . 5 3 5 . 5
4 7 . 5 4 0 . 2 3 8 . 5 3 6 . 2
4 7 . 2 3 8 3 6 . 7 3 5 . 4
4 7 3 8 3 8 . 7 3 8 . 2
4 6 . 9 3 9 . 2 3 7 . 2 3 3 . 7
4 6 . 9 4 0 . 5 4 0 . 7 3 7 . 4
4 6 . 8 3 8 . 2 3 6 . 5 3 4
4 6 . 6 3 7 3 6 . 5 3 2 . 3
4 5 . 5 3 7 3 6 . 2 3 3 . 4
4 5 . 3 3 7 . 6 3 7 . 2 3 2 . 7
4 5 . 1 3 9 . 8 3 9 . 4 3 4 . 5
4 4 . 8 3 7 . 8 3 7 . 1 3 2 . 5
4 4 . 6 3 7 . 4 3 7 . 1 3 2 . 7
4 4 . 2 3 6 . 7 3 7 . 1 3 3 . 6
4 4 3 8 3 6 . 6 3 3 . 2
4 3 . 8 3 7 . 1 3 7 . 5 3 3 . 5
4 3 3 7 . 1 3 7 . 7 3 3 . 1
3 9 3 4 . 7 3 5 . 6 3 1 . 8
39 23.2 1
39.3 22.5 2
36.7 22.3 3
39.1 24.6 4
39 22.8 5
38.9 25.4 6
33.3 25.5 7
36.9 24.4 8
38.1 22.9 9
35.9 22 10
35.5 21.5 1 1
39.5 23.8 12
40.5 23.2 13
38.8 23 14
36.7 22.8 15
37.2 22.1 16
38.4 23.1 1 7
36.8 22.9 1 8
37.2 22.4 19
36.5 22 2 0
36.2 22.8 21
35.4 21.8 2 2
32.7 21.9 2 3
35.7 22.4 2 4
36.8 23.2 2 5
38.3 22.6 2 6
36.4 22.9 2 7
35 22 2 8
34.9 19.8 2 9
A ll  measurements in cm.
C IR  =  Circumference
T H  =  Thigh B K  =  Below  Knee
A K  =  above Knee A N K  =  Ankle
Table 4A  M ale measurements
A 2 -5
TH APW AK APW KNEE APW BK APW CALF APW ANK APW SUBJECT
1 7 . 8 1 4 . 6 1 3 . 9 1 1 . 7 1 2 . 6 8 . 2 1
1 7 1 3 . 5 1 3 . 4 1 1 . 9 1 2 . 9 7 . 9 2
1 6 . 5 1 2 . 4 1 2 . 2 1 1 . 2 1 1 . 7 7 . 6 3
1 5 . 6 1 2 . 7 1 2 . 5 1 1 . 4 1 2 . 2 8 . 4 4
1 5 . 7 1 2 . 5 1 2 . 2 1 1 1 1 . 6 7 . 6 5
1 6 1 3 . 3 1 2 . 5 1 2 . 1 1 2 . 6 8 . 9 6
1 6 . 1 1 3 . 5 1 3 . 3 1 2 . 2 1 3 . 5 8 . 9 7
1 6 . 8 1 3 . 9 1 3 . 5 1 1 . 8 1 1 . 8 8 . 4 8
1 7 . 2 1 3 . 7 1 3 . 5 1 2 . 1 1 2 . 3 8 9
1 6 . 9 1 2 1 2 . 2 1 1 . 2 1 1 . 7 7 . 6 1 0
1 5 . 7 1 2 . 9 1 2 . 7 1 1 . 8 1 0 . 6 7 1  1
1 6 . 6 1 3 . 7 1 3 . 1 1 1 . 6 1 2 . 4 8 . 1 1  2
1 6 . 1 1 2 . 9 1 2 . 8 1 2 1 2 . 7 7 . 8 1 3
1 5 . 8 1 2 . 5 1 2 . 2 1 1 . 4 1 2 . 5 8 . 4 1 4
1 5 . 5 1 2 . 4 1 3 . 0 1 2 . 1 1 1 . 8 8 1 5
1 5 . 2 1 2 . 6 1 2 . 8 1 1 . 9 1 2 . 1 8 . 1 1 6
1 6 . 1 1 3 . 3 1 3 . 9 1 3 . 1 1 2 . 2 8 1 7
1 5 . 9 1 2 1 1 . 8 1 1 . 4 1 1 . 8 7 . 8 1  8
1 5 . 8 1 2 . 2 1 2 . 2 1 0 . 8 1 2 7 . 8 1 9
1 5 . 4 1 1 . 8 1 1 . 8 1 0 . 9 1 1 . 6 7 . 6 2 0
1 5 . 2 1 2 . 7 1 2 . 2 1 1 1 1 . 6 7 . 6 2 1
1 4 . 7 1 2 . 6 1 3 . 3 1 1 . 4 1 1 . 2 7 . 5 2 2
1 5 . 3 1 2 . 5 1 2 1 0 . 8 1 0 . 3 7 . 6 2 3
1 5 1 2 . 2 1 2 . 2 1 0 . 9 1 1 . 2 7 . 8 2 4
1 5 . 1 1 2 1 2 . 1 1 1 . 3 1 2 8 2 5
1 4 . 5 1 1 . 6 1 1 . 8 1 0 . 5 1 2 . 2 7 . 7 2 6
1 4 . 3 1 2 . 3 1 2 . 5 1 1 . 4 1 1 . 7 8 . 6 2 7
1 4 . 7 1 1 . 8 1 2 . 9 1 1 1 1 7 . 5 2 8
1 2 . 5 1 0 . 9 1 1 . 3 1 0 . 6 1 1 . 2 7 . 1 2 9
A ll measurements in cm.
A P W  =  Anterior/posterior Width.
T H  =  Thigh B K  =  Below  Knee
A K  =  above Knee A N K  =  Ankle
Table 4A  cont. M ale measurements
A2- 6
TH M LW  AK M LW  KNEE M LW  BK M LW  CALF M LW  ANK M LW  SUBJECT
1 5 . 1 1 2 . 8 1 3 . 4 1 1 . 4 1 2 . 1 5 . 8 1
1 3 . 8 1 1 . 9 1 1 . 7 1 0 . 6 1 1 . 8 5 . 8 2
1 4 . 4 1 1 . 2 1 0 . 1 1 0 1 0 . 2 5 . 5 3
1 4 . 1 1 2 . 9 1 2 . 1 1 1 1 2 . 9 6 . 6 4
1 4 . 4 1 1 . 7 1 0 . 8 1 0 . 2 1 1 . 9 5 . 6 5
1 4 . 4 1 2 . 8 1 2 . 4 1 1 . 6 1 2 . 1 6 . 5 6
1 4 . 8 1 2 . 7 1 3 . 1 1 1 . 4 1 3 . 4 6 . 8 7
1 4 . 3 1 2 . 8 1 2 . 5 1 0 . 6 1 1 . 6 6 . 1 8
1 3 . 4 1 1 . 6 1 1 . 9 1 0 . 6 1 1 . 7 5 . 7 9
1 3 . 3 1 1 . 2 1 0 . 8 9 . 9 1 0 . 8 5 . 6 1 0
1 4 . 1 1 2 . 1 1 1 . 9 1 1 . 2 1 1 . 3 5 . 8 1  1
1 3 . 8 1 3 1 1 . 6 1 1 . 1 1 2 . 3 6 . 3 1 2
1 3 . 7 1 2 . 1 1 1 . 3 1 1 1 2 . 7 5 . 8 1 3
1 3 . 8 1 1 . 6 1 1 . 8 1 1 . 1 1 2 . 4 5 . 8 1 4
1 3 . 8 1 1 . 8 1 1 . 1 1 0 . 5 1 1 . 5 5 . 7 1 5
1 3 . 6 1 1 . 9 1 1 . 4 1 0 . 3 1 1 . 8 5 . 4 1  6
1 3 . 9 1 2 . 3 1 2 . 3 1 1 1 2 . 3 5 . 9 1 7
1 3 . 5 1 1 . 7 1 1 1 0 . 1 1 1 . 6 6 . 2 1  8
1 3 . 4 1 1 . 3 1 1 . 1 9 . 6 1 1 . 5 5 . 8 1  9
1 3 . 7 1 1 . 3 1 0 . 7 9 . 7 1 1 . 3 5 . 6 2 0
1 2 . 8 1 1 . 4 1 0 . 7 9 . 6 1 1 . 2 5 . 6 2 1
1 2 . 3 1 1 1 1 . 3 1 0 . 4 1 1 . 3 5 . 6 2 2
1 2 . 6 1 1 . 3 1 1 . 2 1 0 . 3 1 0 . 6 5 . 8 2 3
1 2 . 4 1 1 1 1 . 4 9 . 7 1 1 . 4 5 . 2 2 4
1 2 . 6 1 1 . 1 1 1 . 4 1 0 . 4 1 1 . 6 5 . 8 2 5
1 3 1 1 . 8 1 1 . 2 1 0 . 5 1 2 . 3 5 . 6 2 6
1 2 . 9 1 0 . 6 1 0 . 6 1 0 1 1 . 5 5 . 4 2 7
1 2 . 8 1 0 . 9 1 0 . 2 9 . 9 1 1 . 1 5 . 5 2 8
1 2 . 1 9 . 8 1 0 . 1 8 . 8 1 0 . 3 4 . 8 2 9
A ll measurements in cm.
M L W  =  Medial/Lateral Width.
T H  =  Thigh B K  =  Below  Knee
A K  =  above Knee A N K  =  Ankle
Table 4A  cont. M ale measurements
A 2-7
H E I G H T K N E E  T O  A N K C A L I
1 7 9 3 1 . 8 2 1 . 8
1 7 7 3 4 . 5 1 9
1 6 2 . 5 2 8 . 4 1 5 . 2
1 7 9 3 4 . 1 1 6 . 5
1 7 0 . 5 3 2 1 7 . 9
1 8 5 . 5 3 8 . 1 2 2 . 5
1 8 8 3 9 . 4 2 4 . 2
1 8 0 3 5 . 2 2 0 . 9
1 8 2 3 6 . 2 2 0 . 4
1 7 1 3 1 . 7 1 8
1 7 4 3 4 . 3 1 9 . 4
1 7 9 . 5 3 6 . 8 2 1
1 7 3 3 1 . 9 1  9
1 8 5 3 7 1 9 . 3
1 8 2 . 5 3 5 . 8 2 0 . 3
1 8 2 3 7 2 1
1 8 7 3 7 . 8 2 1 . 8
1 6 9 . 5 3 0 . 1 2 1 . 3
1 6 3 2 9 . 7 1 5 . 5
1 7 0 3 5 . 2 1 9 . 9
1 7 2 3 1 . 9 1 9 . 9
1 7 8 . 5 3 3 . 8 2 0 . 2
1 6 0 2 7 . 2 1 8 . 8
1 7 6 3 7 . 3 1 9 . 9
1 7 4 3 4 . 6 1 9
1 7 8 3 4 . 1 1 9 . 9
1 7 8 . 5 3 4 . 6 2 1 . 1
1 7 3 3 4 . 4 1 9
1 8 1 3 9 . 4 2 1 . 3
A L F  T O  A N K  S U B J E C T  
1 
2
3
4
5
6
7
8
9
10 
1 1 
12
1 3
1 4
1 5
1 6  
1 7  
1 8 
1  9  
20  
21 
22
2 3
2 4
2 5
2 6
2 7
2 8  
2 9
A ll measurements in cm. 
A N K  =  Ankle
Table 4A  cont. M ale measurements.
A2~ 8
TH CIR AK CIR KNEE CIR BK CIR CALF O R  ANK CIR SUBJECT
4 7 3 8 . 9 3 8 . 4 3 5 . 5 3 7 . 8 2 4 . 4 1
4 3 . 5 3 8 . 1 3 6 . 7 3 3 . 5 3 4 2 0 . 8 2
4 4 . 7 4 0 3 7 . 4 3 4 . 5 3 8 . 2 2 2 . 8 3
3 9 . 4 3 5 . 8 3 6 . 5 3 0 . 5 2 9 . 8 2 0 . 2 4
5 4 . 2 4 6 . 6 4 0 . 3 3 9 . 4 4 2 . 8 2 6 . 5 5
4 6 . 8 3 8 . 9 3 8 . 1 3 4 . 5 3 7 . 4 2 2 . 8 6
4 7 . 5 3 9 . 8 3 8 . 5 3 4 . 5 3 7 . 5 2 2 7
5 4 . 5 4 4 . 5 4 0 . 5 3 7 . 9 3 9 . 6 2 2 . 5 8
4 6 . 5 4 1 . 6 4 1 3 5 . 5 3 7 . 7 2 5 . 5 9
4 3 3 9 . 3 3 8 . 3 3 2 . 7 3 4 . 1 2 3 . 5 1 0
4 8 . 7 4 2 . 1 4 0 . 5 3 5 . 6 3 8 . 8 2 2 . 4 1  1
5 2 . 3 4 7 . 6 4 2 . 3 3 8 . 1 3 8 . 9 2 2 . 5 1 2
4 4 . 5 3 6 . 9 3 6 . 2 3 2 . 8 3 5 . 5 2 1 . 7 1 3
5 0 . 2 4 7 . 8 4 5 . 8 4 0 4 2 . 7 2 4 . 8 1 4
5 0 . 6 4 3 4 0 . 7 3 5 . 6 3 8 . 6 2 5 . 2 1  5
4 7 . 2 4 2 . 7 3 9 . 7 3 4 . 5 3 7 . 8 2 4 . 1 1 6
4 6 . 5 4 1 . 9 4 0 . 9 3 6 . 4 3 5 . 4 2 2 . 5 1 7
4 7 . 5 3 7 . 8 3 7 . 7 3 6 . 2 4 2 . 3 2 3 . 6 1  8
4 5 . 2 3 9 . 3 3 8 . 1 3 5 . 3 3 4 . 4 2 2 . 5 1 9
5 2 . 9 4 7 . 1 4 3 . 5 4 0 . 4 4 2 . 1 2 4 . 4 2 0
4 4 3 6 . 5 3 5 . 8 3 2 . 4 3 5 . 2 2 1 . 6 2 1
4 9 . 2 4 1 . 9 4 0 . 1 3 6 . 8 3 8 . 8 2 3 . 1 2 2
5 0 . 5 4 2 . 5 4 0 3 7 . 7 4 0 . 4 2 4 . 1 2 3
4 4 . 2 3 6 . 6 3 7 . 5 3 1 . 6 3 3 . 2 2 1 . 6 2 4
4 6 . 6 3 7 . 6 3 5 . 8 3 2 . 3 3 4 . 2 2 1 . 9 2 5
A ll  measurements in cm.
C IR  =  Circumference
T H  =  Thigh B K  =  Below  Knee
A K  =  above Knee A N K  =  Ankle
Table 5A  M ale amputee measurements
A2- 9
TH APW AK APW KNEE APW BK APW CALF APW ANK APW SUBJECT
1 5 . 9 1 2 . 9 1 2 . 9 1 2 1 1 . 9 8 . 9 1
1 5 . 8 1 2 . 1 1 2 . 2 1 1 . 2 1 1 7 . 4 2
1 6 . 2 1 2 . 9 1 2 . 2 1 1 . 9 1 2 . 6 8 . 7 3
1 3 . 2 1 2 . 2 1 2 . 4 9 . 8 9 . 4 6 . 9 4
1 8 . 6 1 5 . 4 1 3 . 4 1 2 . 7 1 2 . 8 8 . 5 5
1 5 . 7 1 2 . 5 1 2 . 6 1 1 . 5 1 1 . 9 7 . 9 6
1 6 . 1 1 2 . 7 1 2 . 2 1 0 . 6 1 1 . 9 7 . 8 7
1 9 1 4 . 4 1 3 . 8 1 2 . 2 1 2 . 4 8 . 1 8
1 5 . 3 1 4 . 1 1 3 . 6 1 2 . 7 1 2 . 4 9 . 1 9
1 4 . 5 1 2 . 9 1 2 . 5 1 1 . 1 1 1 . 5 8 . 4 1 0
1 6 . 4 1 3 . 8 1 3 1 1 . 2 1 2 . 4 8 . 3 1 1
1 7 . 2 1 5 . 4 1 4 . 2 1 2 1 2 . 2 7 . 8 1 2
1 4 . 9 1 1 . 9 1 2 1 0 . 9 1 1 . 3 7 . 4 1 3
1 7 . 3 1 6 . 1 1 5 . 4 1 3 . 5 1 3 . 3 8 . 6 1 4
1 7 . 1 1 3 . 7 1 2 . 8 1 1 . 6 1 2 . 9 8 . 5 1 5
1 6 . 1 1 3 . 6 1 2 . 9 1 1 . 5 1 2 8 . 5 1 6
1 5 1 4 1 4 . 1 1 2 . 4 1 1 . 3 8 1 7
1 6 . 1 1 2 . 3 1 2 . 6 1 2 . 1 1 2 . 9 8 . 9 1  8
1 5 . 1 1 2 . 7 1 2 . 2 1 2 . 2 1 0 . 7 7 . 3 1  8
1 8 . 3 1 6 1 4 . 6 1 3 . 3 1 3 . 3 8 . 7 2 0
1 4 . 8 1 1 . 7 1 1 . 8 1 0 . 9 1 1 . 2 7 . 3 2 1
1 6 . 2 1 3 . 9 1 3 . 9 1 3 1 2 . 9 8 . 3 2 2
1 7 . 5 1 4 1 3 . 8 1 2 1 2 . 7 8 . 7 2 3
1 4 . 1 1 1 . 8 1 2 . 3 1 0 . 6 1 0 . 9 7 . 4 2 4
1 5 . 6 1 3 1 2 . 3 1 1 . 3 1 1 . 5 7 . 5 2 5
A ll measurements in cm.
A P W  -  Anterior/posterior Width.
T H  =  Thigh B K  =  Below  Knee
A K  =  above Knee A N K  =  Ankle
Table 5A  cont. M ale amputee measurements
A2- 10
TH M LW  AK M LW  KNEE M LW  BK M LW  CALF M LW  ANK  M LW  SUBJECT
13.9 11.9 11.2 10.8 11.9 6.4 1
12.9 11.1 10.3 9.9 10.5 5.3 2
12.6 11.5 11 10.2 11.9 5.5 3
11.9 10.9 10.9 9.2 8.8 4.8 4
14.9 13.9 12.3 12.1 13.1 7.3 5
13.5 11.6 11.4 10.4 11.6 5.8 6
13.5 12.5 11.1 11.3 12.2 5.7 7
16.4 13.7 12.3 12 12.8 5.9 8
13.9 11.9 10.6 10.1 11.4 6.6 9
12.2 11.1 10.6 9.8 10.4 6.1 1 0
13.8 12.3 11.4 11.1 11.9 5.9 1 1
14.6 13.3 12.1 11.8 12.2 6 12
12.8 11 10.8 9.9 11 5.7 13
13.9 13.9 13.6 12.1 12.8 6.1 14
15.2 12.7 11.6 10.8 11.2 7.2 15
13.3 12.2 11.2 10.5 11.9 5.9 1 6
12.9 12.1 12.1 10.5 10.8 5.2 17
13.2 12 11.4 10.7 12.6 5.4 1 8
12.1 11.8 10.9 10.5 10.5 5.6 19
14.9 14 13.2 12.2 13.2 6.4 20
12.7 10.9 10.9 9.8 10.9 5.4 21
13.9 12.3 11.9 11 11.8 5.6 22
13.9 12.7 11.5 11.1 12.6 5.9 23
12.5 10.8 10.4 9.6 10.2 5.6 24
13.1 11.7 11.0 10.5 11.2 5.8 25
A ll  measurements in cm.
M L W  =  Medial/Lateral Width.
T H  =  Thigh B K  =  Below  Knee
A K  =  above Knee A N K  =  Ankle
Table 5A  cont. M ale amputee measurements
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H E I G H T K N E E  T O  A N K
1 7 3 3 4
1 7 8 3 5 . 4
1 7 1 . 5 3 6 . 3
1 7 7 3 7 . 5
1 7 3 3 3 . 8
1 7 6 3 4 . 4
1 7 6 . 5 3 7 . 8
1 7 4 3 4 . 8
1 8 8 3 9 . 7
1 8 4 3 7 . 5
1 7 1 . 5 3 4 . 4
1 7 1 3 3 . 2
1 7 7 3 2 . 7
1 9 0 4 0 . 7
1 6 2 . 5 3 2 . 7
1 7 5 3 4 . 1
1 9 3 3 7 . 9
1 8 4 3 4 . 2
1 7 0 . 5 3 4 . 6
1 8 2 3 7 . 4
1 6 5 . 5 3 0 . 3
1 7 9 3 9 . 7
1 7 7 . 5 3 2 . 4
1 7 8 3 7 . 2
1 7 7 3 5 . 5
CALF TO ANK SUBJECT
1 7 . 1 1
1 9 . 7 2
2 2 . 1 3
2 3 . 4 4
2 0 . 6 5
1 8 . 6 6
2 0 . 4 7
1 9 . 9 8
2 2 . 8 9
2 0 . 6 1 0
1 7 . 2 1  1
2 0 . 7 1 2
1 7 . 6 1 3
2 4 . 1 1 4
2 0 . 3 1 5
1 7 . 9 1 6
1 9 . 1 1 7
1 8 . 8 1  8
2 0 . 9 1  9
2 1 . 7 2 0
1 7 . 4 2 1
2 2 2 2
1 9 . 6 2 3
2 1 . 8 2 4
2 0 . 2 2 5
A ll  measurements in cm.
A N K  =  Ankle
Table 5A  cont. M ale amputee measurements.
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APPENDIX 3. DISTANCES BETW EEN  SITES
MEAN
/c m
STANDARD
DEVIATION
/c m
MEAN
/c m
STANDARD
DEVIATION
/c m
THIGH TO 
ABOVE KNEE 9.6 1.3 9.7 0.72
ABOVE KNEE 
TO KNEE 5.0 0.87 4.8 0.73
KNEE TO 
BELOW KNEE 5.9 0.74 6.0 0.77
BELOW KNEE 
TO CALF 10.1
1.4 9.6 1.3
CALFTO 
ANKLE 19.6 1.8 18.7 2.8
Table 6A  Distances between sites measurements for males and females.
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A P P E N D IX  4 M E D IA L / L A T E R A L  A N D  
A N T E R IO R / P O S T E R IO R  W ID T H S  B E T W E E N  S IT E S .
ANT/POST 
W IDTH/cm
STANDARD 
DEV. /cm
MED/LAT 
W IDTH/cm
STANDARD 
DEV. /cmSITE
THIGH
1 /2 13.8 1.0 12.5 0.8
ABOVE KNEE
1 1 2 12.7 0.8 11.6 0.8
KNEE
1 1 2 12,2 0.7 10.7 0.7
BELOW KNEE
1 /3 11.6 0.6 10.8 0.6
2 /3 11.9 0.6 11.4 0.6
CALF
1 /3 10.0 0.7 9.6 0.6
ANKLE
Table 7A  Medial/Lateral and Anterior/Posterior widths between sites 
for male subjects.
A4- 1
ANT/POST 
WIDTH/cm
STANDARD 
DEV. /cm
MED/LAT 
WIDTH /c m
STANDARD 
DEV. /cmSITE
THIGH
1 /2 14.1 0.9 13.0 1.0
ABOVE KNEE
1 1 2 12.6 0.7 12.0 0.6
KNEE
1 ! 2 11.3 0.6 11.0 0.4
BELOW KNEE
1 / 3 11.5 0.7 11.0 0.4
2 /3 11.8 0.7 11.2 0.4
CALF
1 /3 10.1 0.7 9.6 0.3
ANKLE
Table 8 A  Medial/lateral and anterior/posterior widths between sites for 
females.
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A P P E N D IX  5. IN T E R A C T IV E  P R O G R A M
In order to select the mould sizes needed to create a whole limb 
using the M E D U S A  models requires user familiarity with the C .A .D . 
system. In order to make the models accessible to the non specialist an 
interactive program, (S .M .O .L .L .- solid modelling o f the lower lim b), 
was developed. U se o f the program, (most likely by the prosthetist), 
w ill determine the sizes o f the five segmental mould sizes needed for 
cosmesis production. The program was written in a simple easy to 
fo llow  menu form. The sizes o f moulds selected, and model generation, 
is achieved by the input o f amputee data along with simple one key 
inputs.
S .M .O .L .L . is executed within M E D U S A  as this allows the user to 
see the generation o f the solid model o f the leg and w ill ensure that no 
obvious errors occur. S .M .O .L .L .  requires the input o f  six  
circumferential measurements, taken at the measurement sites, as well as 
the the five distances between sites. These measurements would be taken 
from the amputees remaining limb.
5.1 C O M P U T E R  L A N G U A G E S  U S E D
5.1.1. P A S C A L
Pascal is a high level computer language designed for problem  
solving. It is a block structured language which is w idely used. A  Pascal 
program can easily be read because o f the way the language handles 
subroutines, links between subroutines, and repetative processes. It was 
used within the S .M .O .L .L . program to determine the closest match 
between the patient measured sizes and those available within the model, 
(mean, plus and minus one standard deviation).
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5.1.2. C P L
C P L  is Pr ime' s  command procedure language. It consists o f two 
parts - language and interpreter. The C P L  language a llow s a 
programmer to write a C P L  program which contains either a series o f 
PR IM O S  commands or a combination o f PR IM O S  commands and C P L  
directives. The commands and directives give instructions to PR IM O S  
and interpreter respectively. C P L  uses high-level language features such 
as branching and augment transfer to sim plify and automate long  
command sequences and to provide decision making and computational 
power at the command level.
C P L  can not be executed within M E D U S A , however, it can 
interfaced with different programs, (written in different languages), 
within M E D U S A  at PR IM O S  level. C P L  was used to create the menu 
and loads up the programs relevant to the options chosen from  the 
menu. This includes the solid m odelling program  from  M E D U S A  
necessary for modelling o f limbs.
5.1.3. S U P E R S Y N T A X
This is the only programming language which can be used within 
the M E D U S A  system. Prime M E D U S A  commands can be incorporated 
into a supersyntax program. It allows Prime M E D U S A  to possess 
decision making capabilities. It also allows Prime M E D U S A  to repeat a 
series o f commands a number o f times in which each repetition can vary 
slightly.
5.2 T H E  S T R U C T U R E  O F  S .M .O .L .L .
5.2.1. S .M .O .L .L .  C P L
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This C P L  program controls the whole S .M .O .L .L . package. It 
displays an option menu as shown in figure 3. W hen the users choice is 
keyed, (either 1,2,3, or 4), S .M .O .L .L . C P L  w ill then load the relevant 
program .
Options 1) Input patients data
2) Solid model o f patient's lower limb
3) Guide to S .M .O .L .L .
4 ) Quit
Figure 3A  Option menu.
I f  option (1 ) is selected then an interactive program  called  
IP D A T A  w ill be loaded. The user w ill be prompted to input a set o f  
information about the amputee.
I f  option (2 ) is selected, a C P L  program called M O D E L L E G  will 
be loaded. This program w ill allow  the user to input into a patients data 
file  so that a solid m odel o f that amputees low er lim b could be  
generated.]
I f  option (3 ) is selected, a summary o f the usage o f S .M .O .L .L . is 
displayed on the Visual display unit.
Option (4 ) is selected when the user has finished with the 
S .M .O .L .L . program.
A  flow  chart for S .M .O .L .L . C P L  is shown in figure 4, and a 
listing o f the program is given in appendix 6.1.
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Figure 4 A  Flowchart o f S .M .O .L .L . C P L
5.2.2. I P D A T A .  P A S
The main objective o f  this Pascal program  is to match the 
amputees measurements to the closest segmental mould size. Therefore, 
the sizes o f the segmental moulds needed to construct the whole limb 
mould for cosmesis production can be determined.
The flowchart for this program  is shown i f  figure 5 and the 
program is listed in appendix 6.2.
IP D A T A  is divided into three parts:-
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1) Procedure P A T A IN P U T
The user is prompted to input the clinical measurements taken 
from  the amputee necessary for leg modelling. These are the six 
circumferential, and five between site measurements. Other details that 
are recorded are the name, sex, and which leg is to be modeled. I f  any 
errors are made during the input o f data then the user is permitted to 
make alterations to the input data.
2) Procedure C O M P A R E
For each input measurement the relevant data is read from an 
external file  called V G E O M E T R Y .  The data that is read is 
measurement data stored within tables consisting o f a series o f rows 
and columns. The information held within each row  is used to input the 
variational geometry program  within M E D U S A  which permits the 
change o f dimensions o f a given shape or distance, (as described in the 
leg m odelling section). Each row  includes the dimensions o f three 
measurement sizes for each amputee input measurement. The tabled 
measurements were constructed from the data taken from the leg 
measurement study, and include the mean size, along with plus and 
minus one standard deviation, for each circumferential, and between site 
distance, measurement. For each amputee input measurement the 
relevant size is compared with the tabled data. W hen  the input 
measurement is within 1/2 a standard deviation from any o f the values 
held in the table, then that size is selected for modelling. The the size is 
selected within the program by indicating the row  o f measurements to 
be used fo r m odelling with M E D U S A . Therefore, the fo llow in g  
statement is true
Amputees measurement value - Tabled measurement value <  1/
S.D.
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If, on comparison, the input data is greater than mean plus one 
and a half standard deviations then mean plus one standard deviation is 
selected. Sim ilarly, if  the input measurement is found to be, on 
comparison, less than mean minus one an a half deviations then mean 
minus one standard deviation is selected.
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Figure 5A  Flowchart o f IP D A T A . PA S
The comparison process is repeated for all the amputee input 
data. The differences between the amputee and tabled data is assess for 
each measurement and the sizes selected.
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3) M ain block
The circumference, and leg segment, sizes selected are displayed. 
A lso  displayed are the differences between the amputee measurements 
and the selected measurements from the tabled data. I f  the user intends 
to generate a model o f the patients lower limb then the follow ing data is 
stored in a pre-existing external file
i) Amputee’s name.
ii) Sex o f amputee.
iii) leg to be modeled.
iv ) The circumferential sizes selected for m odelling, ( name o f row  
selected).
v ) Segment lengths selected for modelling.
Each external file has a filename o f type P A T X .D A T , where X  is 
the name o f the amputee.
5.2.3. M O D E L L E G .  G P L
This program loads the essential parts o f M E D U S A  necessary for 
leg m odelling and establishes a M E D U S A  environment, (flowchart 
figure 6, program appendix 6.3).
A  supersyntax program  L E G .S S  is then executed, (flowchart 
figure 7, program appendix 6.4). A ll  existing data files o f the amputee 
is displayed as a form o f reminder to the user. This allows the user to 
select the desired data file. The user w ill be prompted to input the name 
o f a data file. A  drawing sheet is then called up, for modelling, and is 
duplicated with the patients name as the title o f the sheet. The sheet 
contains all the circumferential shapes for each measurement site, as 
w ell as the link lines needed for the joining o f sections to form  leg
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segments. The circumferential cross sections and segment lengths 
selected w ill be drawn and smoothed ready for modelling.
A  macro file, (L IM B .M A C R O ), then executes the 3D modelling 
module o f M E D U S A , and the leg w ill be modeled. The flow  chart for 
the macro is shown in figure 8 and a listing o f the program is presented 
in appendix 6.5.
A  supersyntax program, L E G P L O T .S S , can be used to execute 
the plotting module o f M E D U S A  if a hard copy o f the m odel is 
required, (flowchart figure 9, listing given in appendix 6.6).
Figure 6 A  Flowchart o f M O D E L L E G .C P L
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Figure 7 A  Flowchart o f LEG .SS.
Figure 8A  Flowchart o f L IM B .M A C R O
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Figure 9A  Flowchart for LE G P LO T .S S
5.3 RESULTS AND DISCUSSION
The S .M .O .L .L . program permits a non specialist user to obtain 
circumferential section, and segment length, sizes and a 3D whole limb 
model o f an amputee subject.
In order to execute the program S M O L L .C P L  within M E D U S A ,  
the user has to type the follow ing command
!R C A D 4 2 2 > U .L L IM B P > S M O L L .C P L  
W hen S M O L L .C P L  has been loaded, an option menu w ill be displayed 
an the visual display unit. There are four options available which are all 
self explanatory. Option (3 ), guide to S .M .O .L .L . , w ill explain the other 
options available if the user requires.
W hen the execution o f S .M .O .L .L . is completed a drawing sheet 
file, (amputee's name as filename), w ill be produced which contains the 
leg model o f the amputee. A  plot o f the leg model can also be obtained. 
A  data file exists for each amputee entered into the system, (P A T  
X .D A T - X  is the name o f the amputee), which contains all the 
information necessary to create a leg model. Therefore, once modelling 
is completed it is no longer necessary to retain the drawing sheet and 3D  
model data file, and these can be erased as they are redundant. It would
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be advantageous to erased the files in order to allow  for greater available 
memory and allow for more file storage space.
It has been found163 that when a supersyntax program is executed 
within M E D U S A  the system may not remain aware that it is in a 
M E D U S A  environment, and this creates difficulties in the execution o f  
program s. Therefore, in L E G M O D E L .C P L  the essential parts o f  
M E D U S A  necessary for leg modelling were loaded to set up a user 
environment.
It would be desired that the whole S .M .O .L .L . package, (including 
the leg m odel), should be easily transferable from the Prime M E D U S A  
computer aided design system to other computer aided design systems. 
Therefore, the package would become accessible to users who do not 
process a Prime M E D U S A  C .A .D . system. It was found that only the 
cross section and segment length data could be transferred. The surface 
network modelling facility and variational geometry facility can only be 
operated in Prime M E D U S A  C .A .D . system. Therefore, the S .M .O .L .L . 
package is not transferable to other systems and the whole S .M .O .L .L . 
package would have to be developed for the relevant C .A .D . system. In 
order to make the S .M .O .L .L . package more flex ib le  it w ou ld  be 
necessary to develop the S .M .O .L .L . package so it can be executed from  
a n on -M E D U S A  workstation, (at PR IM O S level for example).
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APPENDIX 6. L IST IN G  OF PROGRAM S
6.1 SM O LL.C PL
&SEVERITY &ERROR &IGNORE  
& LABEL M EN U  
TYPE  
TYPE  
TYPE  
T Y P E ’ B IO M ED IC AL  ENG INEERING  D IV ISIO N
TYPE ’ DEPARTM ENT OF M EC H ANIC AL  ENGINEERING
TYPE ’ U N IVER SITY  OF SURREY
TYPE
TYPE ’
TYPE  '* * *
TYPE  '* SOLID M O D E LLING  OF LO W ER  L IM B  * 1
TYPE  '* (S .M .O .L.L) * ’
TYPE  f* * '
TYPE '
TYPE
TYPE
TYPE
TYPE  ’ Options:- 1) Input Patient" Data '
TYPE
TYPE  * 2) Solid Model Patient"s Lower Limb '
TYPE  
TYPE ’
TYPE
3) Guide to S.M .O.L.L
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TYPE
& S E T V A R  A N SW E R  := [RESPONSE ’ Enter Option.... ’]
TYPE
&IF % ANSW ER%  = 1 & TH EN &GOTO PINPUT  
&IF % ANSW ER%  = 2 &THEN &GOTO LEGM ODEL  
&IF % ANSW ER%  = 3 &THEN &GOTO GUIDE  
&IF % ANSW ER%  = 4 & THEN &GOTO QUIT  
&ELSE & G O TO  T R Y A G A IN  
& LAB E L  T R Y A G A IN
TYPE 'INCORRECT ENTR Y PLEASE TRY A G A IN !! '
&GOTO M ENU  
& L A B E L  PINPUT  
T Y P E ’ PLEASE W A IT  A  M O M ENT!! ’
& D A T A  R U N  CAD422>U.LLIM BP>IPDATA
& TTY
&END
&GOTO M ENU  
& LABEL LEGMODEL  
TYPE ’ PLEASE W A IT  A  M O M E N T !! ’
& D A T A  R CAD422>U.LLIM BP>MODELLEG  
& TTY  
&END
&GOTO M ENU  
& LABEL GUIDE  
TYPE  
TYPE
T Y PE  ’ This program allows the user to obtain a solid model '
TYPE ’ 4) Quit
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TY PE  ’ of a patient"s lower limb and hence,the appropriate 
moulds '
TYPE  * for making a cosmesis covering for the lower limb.
TYPE
TYPE
TYPE  ’ Option (1 ):- Input Patient"s Data '
TYPE
TYPE  ' The user will be prompted to input the relevant ’
TY PE  ' patient"s data,eg Name,Sex,Circumference length at 6 '
TYPE  ' specific levels on the lower limb etc. '
TYPE  1 When all relevant information have been input,a '
TY PE  1 series of comparisons will be carried out by the pro-'
TYPE  ’ gram. The recommended mould"s size for each level
t
TYPE  1 will be given on the V D U . '
TYPE  1 The user will be given the choice of storing the ’
TY PE  1 determined results in a data file.This data file will'
TYPE  ’ be used in Option (2) ie LEG M ODEL.
TYPE
TYPE
TYPE
T Y P E ’ Option (2):- LEG M O D EL  
TYPE
TYPE  ' The user will be prompted to input the data file '
TYPE  ’ o f the relevant patient for solid modelling of the ’
TYPE  ’ lower limb. '
TYPE
&S GO := [ RESPONSE T O  RETURN BACK  TO M ENU, PRESS A N Y  
KEY ’]
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&GOTO M ENU  
& LA B E L  QUIT  
TYPE ’ H A V E  A  N ICE  L E G !! '
&RETURN
6.2 IPDATA.PAS
PR O G R AM  IPD ATA (IN PUT ,O UTPU T );
PR O GRAM  IPD ATA (INPUT,O UTPUT); B A C K  TO M ENU , PRESS A N Y  KE1
SN A M  =STRING[10] ;
SR OW  =STRING[4 ] ;
SR2 =STRING [2 ] ;
R lx6 =ARRAY[1..6 ] OF R EAL ;
R lx5 =ARRAY[1..5 ] OF REAL ;
R6x3 =ARRAY[1..6,1..3] OF R EAL ;
R5x3 =ARRAY[1..5,1..3] OF R EAL ;
N O P =ARRAY[1..5 ] OF SN A M  ;
TR =ARRAY[1..3 ] OF SROW  ;
TR1 =ARRAY[1..5 ] OF S R O W ;
TRVG  =  A R R A Y [1..6] OF SROW  ;
V A R V G  = A R R A Y [1 . .6 ]  O F  S R O W  ; A L  ; K
Outfile,Infile :TEXT ;
Ans,Y,N :C H A R ;
DIL,SitL,M OSLEN :Rlx5 ;
DIC,CirLeg,MOCIR :Rlx6 ;
PatName :SN A M  ;
Sex,LegSide,I,J :INTEGER ;
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R O W Q R O W L  :T R V G ;
Filename :SN AM  ;
PLEN ,M LEN  :R E A L ;
PLEN ,M LEN  :R E A L ; NTEGER ; A L  ; K  TO M ENU , PRESS A N Y  KEY.
var S,SOL :INTEGER ; 
var LEG C  :R lx6 ; 
var SL :Rlx5 );
OPTION :INTEGER ;
W RITELN ('Enter Patient”s Name...[ie initials-surname] :’)  ; 
READLN(PNam e) ;
W RITELN('Enter S e x  [ Male=l,Female=2 ] :’) ;
R E A D L N (S );
W R IT E L N (’Enter Side of Leg to be modelled [ R ight=l,Left-2
] ’) ;
R E A D L N (S O L );
W R IT E L N (’Enter circumference at Thigh level [mm] :') ; 
READ LN (LEG C [ 1 ]);
W R IT E L N (’Enter circumference at Above Knee level [mm] :') ; 
R E A D LN (L E G C [2 ]);
W R ITELN fEnter circumference at Maximum Knee level [mm] :’) 
R E A D L N (LE G C [3 ]);
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W RITELN ('Enter circumference at Below Knee Level [mm] :') ; 
R E A D LN (L E G C [4 ]);
W RITELN('Enter circumference at Maximum Calf level [mm] :’) ; 
R E A D LN (LE G C [5 ]);
W R IT E L N (’Enter circumference at Ankle Minimum level [mm] :')
J
R E A D LN (LE G C [6 ]);
W RITELN ('Enter length between Thigh &  Above Knee levels 
[mm] :’) ;
R E A D LN (SL [1 ]) ;
W RITELN ('Enter length between Above Knee &  Max-Knee levels 
[mm] :’)  ;
R E A D L N (S L [2 ]);
W R IT E LN  ('Enter length between Max-Knee 8c Below  Knee levels 
[mm] :') ;
R E A D LN (SL [3 ]) ;
W R IT E L N (’Enter length between Below Knee 8c M ax-Calf levels 
[mm] :') ;
R E A D L N (S L [4 ]);
W RITELN ('Enter length between M ax-Calf 8c Ankle-Min levels 
[mm] :’) ;
R E A D L N (S L [5 ]);
O P T IO N  ;=  0 ;ength  betw een  M a x -C a l f
W H ILE  (O PTIO N  <=  13) DO  
begin
W R ITE LN fO PT IO N S  : - ' )  ;
W R IT E L N (’ 0: Name of Patient =\PName) ; 
W R ITE LN (' 1: Sex = ’,S,' [ Male=l,Female=2 ] ’) ;
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W RITELNC 2: Side of Leg to be modelled =\SOL) ;
W RITELNC [ Right=l,Left=2 ] ’) ;
W RITELNC 3: Circumference at Thigh level sALEGCDL'm m ') ;
W RITELNC  4: Circumference at Above Knee level 
=  ,LEGC[2],,mm') ;
W RITELNC  5: Circumference at Max-Knee level 
^ L E G C ^ l/ m m ’) ;
W RITELNC  6: Circumference at Below Knee level 
=*,LEGC[4] ,'mm') ;
W RITELNC  7: Circumference at M ax-Calf level 
^L E G C tfL 'm m ’) ;
W RITELNC  8: Circumference at Ankle-Min level 
^ L E G C td L ’mm') ;
W R ITELNC  9: Length between Thigh &  Above Knee levels 
= \ S L [l ], ’mm’) ;
W R ITELNC  10: Length between Above Knee &  Max-Knee 
Levels =\SL [2 ],’mm');
W R ITELNC  11: Length between Max-Knee &  Below Knee 
levels = ,,SL [3 ],,mm');
W RITELNC  12: Length between Below Knee & M ax-Calf levels 
=',SL[4 ]/m m ');
W R ITELNC  13: Length between M ax-Calf & Ankle-Min levels 
=\SU5]]mm') ;
W R ITE LN  ;
W R IT E LN (W ou ld  you like to make any changes to the above 
data [Y/N] ?’) ;
R E A D L N (W T C );
IF (W T C  <>  'Y ’) A N D  (W T C  <>  ’N ’> Then
begin
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Repeat
W RITELNC IN V A L ID  E N T R Y  TR Y  A G A IN !!’) ;
W R ITELN ('W ou ld  you like to make any changes to the above 
data [Y/N ] ?');
R E A D LN (W T C ) ;
Until (W T C  =  'Y ') or (W T C  =  'N ') 
end ;
IF (W T C  =  ’Y ’) Then 
begin
W RITELNC Enter your O PTIO N  : ’) ;
R E A D LN (O PT IO N ) ;
IF ((O PT IO N  >  13) or (O PTIO N  < 0)) Then
begin
Repeat
W RITELNC IN V A L ID  O PTIO N  TR Y  A G A IN !!') ;
W RITELNC Enter your O PTIO N  : ') ;
R E A D LN (O PT IO N ) ;
Until ((O PT IO N  <=  13) and (O PTIO N  >=  0)) 
end ;
Case OPTION of 
0: begin
WRITELNCNam e of Patient = ’) ;
R E A D L N (P N am e); 
end ;
1: begin
W RITELN ('Sex [ Male=l,Female=2 ] = ') ;
R E A D L N (S ); 
end ;
2: begin
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W RITELN ('S ide of Leg to be modelled [ Right=l,Left=2 ]
R E A D LN (SO L ) ; 
end ;
3: begin
WRITELN('Circumference at Thigh level [mm] = ’) ; 
R E A D LN (LE G C [ 1 ] ) ;  
end ;
4: begin
WRITELNfCircumference at Above Knee level [mm] = ') ; 
R E A D LN (LE G C [2 ]) ; 
end ;
5: begin
WRITELN('Circumference at Max-Knee level [mm] = ’)  ; 
R E A D L N (L E G C [3 ]); 
end ;
6: begin
WRITELN('Circumference at Below Knee level [mm] = ') ; 
R E A D L N (L E G C [4 ]); 
end ;
7: begin
W R IT E L N f Circumference at M ax-Calf level [mm] = ’) ; 
R E A D LN (LE G C [5 ]) ;
end ;
8: begin
WRITELN('Circumference at Ankle-Min level [mm] - ' )  ; 
R E A D L N (L E G C [6 ]); 
end ;
9: begin
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W RITELN('Length between Thigh &  Above Knee levels
[mm] = ’) ;
R E A D LN (SL [1 ]) ; 
end ;
10: begin
W RITELNfLength between Above Knee &  Max-Knee 
levels [mm] = ’) ;
R E A D LN (SL [2 ]) ; 
end ;
11: begin
W RITELN('Length between Max-Knee &  Below Knee 
levels [mm] - )  ;
R E A D L N (S L [3 ]); 
end ;
12: begin
W RITELN('Length between Below Knee &  M ax-Calf 
levels [mm] - )  ;
R E A D LN (S L [4 ]) ; 
end ;
13: begin
W R IT E LN (’Length between M ax-Calf &  Ankle-Min levels
[mm] = ’) ;
R E A D L N (S L [5 ]); 
end ;
end
end
ELSE
begin
OPTION := 14 ;
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W R ITE LN (’A L L  D A T A  CORRECT!’) ;
end ;
end;
end;
rocedure  C O M P A R E (v a r  S x ,L s  : IN T E G E R
var CLeg,CC,CSM O :Rlx6 ; 
var LSite,LL,SLMO :R lx5 ; 
var RW 1,RW2 :TRVG ; 
var L P A T ,LM O D :R EAL );
A R  A ,B ,C ,D ,I ,J ,K ,L  : IN T E G E R  ;O D :R E A L  );
LB S L  :R E A L ;
R :T R ;
M Leg,FLeg,LDATA :R6x3 ;
BSLM ,BSLF,BSL :R5x3 ;
M L,FL,FM L :Rlx5 ;
MC,FC,FM C :R lx 6 ;
R1,R2,R3 :SR2 ;
E G IN R 1  ,R 2 ,R 3  :SR 2
RESET(Infile ,'VGEOM ETRY');
R E AD LN (In file ,R [l] )  ;
READLN(Infile,R [2 ]) ;
READLN(Infile,R [3 ]) ;
M L e g [l , l ]  := 468 ; M Leg [l,2 ] := 442 ; M Leg [l,3 ] := 494 ; 
M L eg [2 ,l] := 391 ; MLeg[2,2] := 369.5; M Leg[2,3] := 412.5;
:R E A L
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M Leg [3 ,l] := 381 ; MLeg[3,2] := 362.5; MLeg[3,3] := 399.5;
M Leg [4 ,l] := 345 ; M Leg [4,2] := 326.1; MLeg[4,3] := 363.9;
M Leg [5 ,l] := 374 ; MLeg[5,2] := 353.4; MLeg[5,3] := 394.5;
M Leg [6 ,l] := 228 ; MLeg[6,2] := 216.5; MLeg[6,3] := 239.5;
F L e g [l , l ]  := 480 ; FLeg [l,2 ] := 452.1; FLeg [l,3 ] := 507.9; 
FLeg[2 ,l] := 395 ; FLeg[2,2] := 373.3; FLeg[2,3] := 416.7; 
FLeg[3 ,l] := 371 ; ELeg[3,2] := 352.4; ELeg[3,3] := 389.6; 
FLeg[4 ,l] := 345 ; FLeg[4,2] := 327.3; FLeg[4,3] := 362.7; 
FLeg[5 ,l] := 364 ; FLeg[5,2] := 346.3; FLeg[5,3] := 381.7; 
FLeg[6 ,l] := 223 ; FLeg[6,2] := 213.2; ELeg[6,3] := 232.8; 
BSLM [1,1 ] := 96 ; BSLM [1,2] := 85.7 ; BSLM [1,3 ] := 106.3; 
BSLM [2,1] := 50 ; BSLM [2,2] := 41.3 ; BSLM [2,3] := 58.7 ; 
BSLM [3,1 ] := 59 ; BSLM [3,2] := 51.6 ; BSLM [3,3] := 66.4 ; 
BSLM [4,1 ] := 101 ; BSLM [4,2] := 87.1 ; BSLM [4,3 ] := 114.9; 
BSLM [5,1 ] := 196 ; BSLM [5,2 ] := 178 ; BSLM [5,3 ] := 214 ; 
BSLF[1,1] := 97 ; BSLF[1,2] := 89.8 ; BSLF[1,3] :=* 104.2; 
BSLF[2,1] := 48 ; BSLF[2,2] := 40.7 ; BSLF[2,3] := 55.3 ; 
BSLF[3,1] := 60 ; BSLF[3,2] := 52.3 ; BSLF[3,3] := 67.7 ; 
BSLF[4,1] := 96 ; BSLF[4,2] := 82.6 ; BSLF[4,3] := 109.4; 
BSLF[5,1] := 187 ; BSLF[5,2] := 158.4; BSLF[5,3] := 215.6; 
M C[1 ] := 13 ; M C [2 ] := 10.75 ; M C [3 ] := 9.25 ;
M C [4 ] := 9.45 ; M C [5 ] := 10.3 ; M C [6 ] := 5.75 ;
FC [1] := 13.95 ; FC[2] := 10.85 ; FC[3] := 9.3 ;
FC[4] := 8.85 ; FC[5] := 8.85 ; FC[6] := 4.9 ;
M L [1 ] := 5.13 ; M L[2 ] := 4.35 ; M L [3 ] := 3.7 ;
M L [4 ] := 6.95 ; M L [5 ] := 9 ;
FL [1 ] := 3.6 ; FL[2 ] := 3.65 ; FL [3 ] := 3.85 ;
FL [4 ] := 6.7 ; FL [5 ] := 14.3 ;
FOR I := 1 to 6 DO
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begin
FOR J := 1 to 3 DO  
begin
IF (Sx =  1)
Then LD ATA [I,J ] := MLeg[I,J] 
Else LD ATA [I,J ] := FLegflJ ] ; 
end ; 
end ;
FOR I := 1 to 5 DO  
begin
FOR J := 1 to 3 DO  
begin
IF (Sx =  1)
Then BSL[I,J] := BSLM[I,J] 
Else BSL[I,J] := BSLF[I,J] ; 
end ; 
end ;
FOR K  := 1 to 6 DO  
begin
IF (Sx =  1)
Then FM C [K ] := M C [K ]
Else FM C [K ] := F C [K ]; 
end ;
FOR L  := 1 to 5 DO  
begin
IF (Sx =  1)
Then F M L [L ] := M L [L ]
Else F M L [L ] := F L [L ] ; 
end ;
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FOR A  := 1 to 6 DO  
begin 
B := 0 ;
W H ILE  (B  < 3) DO  
begin 
B := B + l ;
IF (A B S (C Leg [A ] - L D A T A [A ,B ]) <=  F M C [A ]) Then 
begin
R W 1 [A ] := R [B ] ;
C C [A ] := CLeg [A ] - L D A T A [A ,B ] ;
C SM O [A ] := L D A T A [A ,B ] ;
B := 3 ; 
end ; 
end ;
IF ((C Leg [A ] <  L D A T A [A ,2 ]) A N D  (A B S (C Leg [A ] - L D A T A [A ,2 ]) >  
F M C [A ]) )  Then 
begin
R W 1 [A ] := R[2] ;
C C [A ] := C Leg [A ] - L D A T A [A ,2 ] ;
C SM O [A ] := LD A T A [A ,2 ] ; 
end ;
IF ((C L eg [A ] >  LDATA[A ,31) A N D  (A B S (C Leg [A ] - L D A T A [A ,3 ]) >  
F M C [A ]) )  Then 
begin
R W 1 [A ] := R[3] ;
C C [A ] := C Leg [A ] - LD A T A [A ,3 ] ;
C SM O [A ] := LD A T A [A ,3 ] ; 
end ; 
end ;
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LBSL  := 0 ;
FOR C := 1 to 5 DO  
begin 
D := 0 ;
W H ILE  (D  <  3) DO  
begin 
D := D + l ;
IF (ABS(LSite[CJ - B SL [C ,D ]) <=  F M L [C ]) Then 
begin 
RW 2[C ] := R [D ] ;
L L [C ] := LSite[C] - BSL [C ,D ] ;
LBSL  := LBSL  + B S L [C ,D ];
SLM O [C ] := B S L [C ,D ];
D  :=3  ; 
end ; 
end ;
IF ((LSite[C] <  BSL[C ,2 ]) A N D  (ABS(LSite[C ] - BSL [C ,2 ]) >  
F M L [C ])) Then 
begin
R W 2[C ] := R[2] ;
L L [C ] := LSite[C] - BSL[C,2] ;
LBSL  := LB S L  +  BSL[C,2] ;
SLM O [C ] := BSL[C,2] ; 
end ;
IF ((LSite[C ] >  BSL [C ,3 ]) A N D  (ABS(LSite[C ] - BSL [C ,3 ]) >  
F M L [C ])) Then 
begin
R W 2[C ] := R[3] ;
L L [C ] := LSitefC] - BSL[C,3] ;
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LBSL  := LBSL  + BSL[C,3] ;
SLM O [C ] := BSL[C,3] ; 
end ;
L P A T  := LS ite [l] +  LSite[2] +  LSite[3] + LSite[4] +  LSite[5] ; 
LM O D  := L B S L ; 
end ; 
n
end ;
E G I N * * * * * * * * * * * *  M A I N  B L O C K  * * * * * * * * * * * * * * * * * * }
^ V R I T E L N ( ' * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
W RITELNC* * ') ;
W R IT E LN C * This program enables the user to input a patient"s
* ’) ;
W R ITELNC* data which will be stored in a data file. * ') ;
W R ITELNC* * ’) ;
W R ITELN C* The data file will be used in the Solid Modelling * ')
5
W RITELNC* package . * ') ;
W RITELNC* * ' ) ;
W R I T E L N C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
* ’) ;
W R ITE LN  ;
PATINPUT(PatName,Sex,LegSide,CirLeg,SitL) ;
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O M P A R E ( S e x , L e g S i d e , C i r L e g , D I C , M O C I R , S i t L , D I L , M O S L E N , R C
W L ,P L E N ,M L E N );
W R ITELN  ;
W R ITELNC  The difference between patient” s and model" s 
circumference ') ;
W RITELNC at the following site ’) ;
W R ITE LN  ;
W RITELNC Site 1: Thigh ^D lC tU /m m ’) ;
W RITELNC 2: Above Knee = ,,DIC[2],,mm’) ;
W RITELNC 3: Max-Knee = ,,DIC[3],,mm,> ;
W RITELNC 4: Below Knee ^ D IC M / m m ’) ;
W RITELNC 5: M ax-Calf = ,,DIC[5],’mm,> ;
W RITELNC 6: Ankle-Min ^ D IC ^ L 'm m ’) ;
W R IT E L N ;
W RITELNC  Model"s circumference size at the following sites: ') 
W R ITE LN  ;
W RITELNC Site 1: Thigh s '.M O O R Ill/m m ') ;
W RITELNC 2: Above Knee -\M OCIR [2]/m m ') ;
W RITELNC 3: Max-Knee ^M O C IR P l/m m ') ;
W RITELNC 4: Below Knee =\M OCIR [4 ],’mm') ;
W RITELNC 5: Max-Calf ^M O C IR tfL 'm m ') ;
W RITELNC 6: Ankle-Min ^ M O d R ^ / m m ’) ;
W R ITE LN  ;
W RITELNC PRESS A N Y  K E Y  TO CONTINUE ’)  ;
R E A D L N ;
W R ITELNC  The difference between patient" s and model" s 
segment length') ;
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W RITELNC at the following position ') ;
W R ITE LN  ;
W RITELNC  Between Thigh &  Above Knee = ’,D IL [l ], ’mm’) ;
W RITELNC  Between Above Knee &  Max-Knee =',DIL[2],'m m ')
W RITELNC  Between Max-Knee &  Below Knee ^ D IL P L 'm m ’)
W RITELNC  Between Below Knee &  M ax-Calf ^ D I L K L ’mm’) ;
W RITELNC  Between M ax-Calf &  Ankle-Min =\D IL [5 ],’mm’) ;
W R IT E L N ;
W RITELNC Model"s segment lengths : ') ;
W R ITE LN  ;
W RITELNC Between Thigh &  Above Knee 
= ',M O SLEN [ 1 ] ,'mm’) ;
W RITELNC  Between Above Knee &  Max-Knee 
= ’,MOSLEN[2],'m m ') ;
W RITELNC  Between Max-Knee &  Below Knee 
= ',M O SLEN [3 ] ,'mm') ;
W RITELNC Between Below Knee &  M ax-Calf 
= ',M O SLEN [4 ],’mm') ;
W RITELNC  Between M ax-Calf &  Ankle-Min 
=',M OSLEN[5],'m m ') ;
W R ITE LN  ;
WRITELNC PRESS A N Y  K E Y  TO C O N T IN U E ') ;
R E A D L N ;
W R ITELNC  Patient"s "lower limb" total length =\PLEN,'mm’) ; 
W RITELNC Model"s total length =',MLEN,'m m ') ;
W R IT E L N ;
W R IT E LN ('D o  you wish to create a data file for the patient 
[Y/N] ?' ) ;
R E A D L N (A n s );
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r
IF (Ans <>  'Y ') and (Ans <>  'N ') Then
begin
Repeat
W RITELNC Invalid Entry TRY A G A IN  ! ! ! ’) ;
W R IT E LN ('D o  you wish to create a data file for the patient 
[Y/N] 7 ) ;
R EAD LN (Ans) ;
Until (Ans = 'Y ') or (Ans =  'N ') 
end ;
IF (Ans = 'Y ') Then 
begin
WRITELNC NOTE:- EACH  PA T IE N T ’S D A T A  FILE SHOULD  BE OF  
THE ’) ;
W RITELNC FORM  -  PATx.D AT  -  where x is the patienf’s
W RITELNC number. ') ;
W R ITE LN  ;
W RITELNC  Enter patienf's data file  ') ;
READLN(Filename) ;
Rewrite(Outfile,Filename) ;
WRITELN(Outfile,PatName) ;
WRITELN(Outfile,Sex: 1) ;
W RITELN(Outfile,Leg Side: 1) ;
FOR I := 1 to 6 DO  
begin
W RITELN (Outfile ,ROW C[I]) ; 
end ;
FOR J := 1 to 5 DO  
begin
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W RITELN(Outfile,ROW L[J]) ; 
end ;
FOR I := 1 to 6 DO  
begin
W RITELN(Outfile, CirLeg [I ] ) ; 
W RITELN (Outfile ,M OCIR [I]) ; 
end ;
FOR J := 1 to 5 D O  
begin
WRITELN(Outfile,SitL[J]) ; 
W RITELN(Outfile,M OSLEN[J]) ; 
end ;
CLOSE(Outfile) ; 
end ;
END.
6.3 M O D E LLE G .C PL
& O N  QUITS &ROUTINE EXIT
TYPE
TYPE
TYPE  ’ This program enables the user to gain access
TYPE ' into M E D U S A  so that the user will be able to
TYPE  ' carry out a solid modelling of the patient"s
TYPE  ’ lower limb. A  plot o f the patient"s lower limb
TYPE 1 maybe obtained. 1
TYPE
&S W S  := % .MED W S%
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&S BASE := %.MED_B ASE%
TYPE
TYPE * SETTING-UP USER ENVIRO NM ENT A T  W O RK STATIO N  %WS%
l
TYPE
& D ATA R %B ASE%>RUN>MEDUSA  
ECHOFF
/*** SET UP USER ENV IR O N M EN T  
RESM  USM E>U .B IN > VAR IABLE .B IN  
M ESSAGE USM E>U.BIN>M ESSAGES.BIN  
SETM W S$ % W S%
SETM PR$ USM E  
SETM TA$ (G TCO )
D D L  @M PR$>U.BIN>DDL.BIN  
PAG E  M EDTEM P>T$P A @  M UID  
STACK MEDTEMP>T$ ST@  M UID  
CODE @MPR$>U.BIN>CODE.BIN  
M EN U  @ M PR $X ®M W S$>M ENU .B IN  
PRIMS @ M PR$>U .BIN>PR IM S.B IN  
W O R K  @ M PR $>@ M W S$>CO NH G .B IN  
@ M T A $
)
ARCFAC  @ M A F $
C
ERRPAU OFF  
BEL OFF  
ERRBEL OFF 
ARC O N  PRO OFF 
VC  O N  
K EY
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R U N  USM E>U.M ACRO>PROM PT.M IN  
R U N  CAD422>U.LLIMBP>LEG.SS  
M ACR O  CAD422>U.LLIM BP>LIM B.M ACRO  
M ACRO CAD422>U.LLIMBP>LEGPLOT. M ACRO  
E C H O N  
QUIT YES  
& T T Y  
&END
& L A B E L  FINISH
&S GO := [RESPONSE ’ TO RETURN TO MENUJPRESS A N Y  KEY1 ]
&RETURN
&ROUTINE  EXIT
TERM  -BREAK OFF
TERM  -BREAK O N
& GO TO  FINISH
M L M L S S
@ E -E C H O N  
[
@ [  This program enables the user to model a (2)]
@ [  patient’s lower limb by inputting the patient’s @ ]
@ [  data file. @ ]
@ [  @ ]
@ [  @1
@ [  This is an up-to-date listing of all data files @ ]
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m@ E - LISTF %%.DAT
@ [  which have been created:
@ ]
@ ]
@ [
@ [
@ ]
@ ]
@ E - ECH OFF
PR O M PT  'Enter the patients data file for modelling: 'PFILE  
@ E - ECH ON
@ [  Patient’s data file is opened fo reading @ ]
@ E -E C H  OFF
OPEN READ FIL1 ’(SVPFXLE'
R EAD  FIL1 PA T N  
READ FIL1 SEX INT  1 
READ FIL1 SOLEG INT  1 
READ F1L1 RC1 
READ FIL1 RC2 
READ FIL1 RC3 
READ FIL1 RC4 
R EAD  FIL1 RC5 
R EAD  FIL1 RC6 
R EAD FIL1 RL1 
R EAD F1L1 RL2 
R EAD FTL1 RL3 
READ FIL1 RL4 
R EAD FIL1 RL5 
CLOSE FIL1 
@E~ ECH ON
@ [  LO AD IN G  THE R ELEVANT D R AW ING  SHEET @ ]
@ E -E C H  OFF
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IF <SEX.EQ.l.AND.SOLEG.EQ,l> THEN
SHE CAD422>U.LLIMBP>S .MALE.R.LEG YES
ENDIF
IF <SEXEQ .l .AND.S0LEGEQ.2> THEN
SHE C AD422>U.LLIMBP>S .MALE.L.LEG YES
ENDIF
IF <SEXEQ.2. AND.SOLEG.EQ. 1> THEN
SHE CAD422>U.LLIMBP>S .FEMALE.R.LEG YES
ENDIF
IF <SEX.EQ.2.AND.SOLEG.EQ.2> THEN
SHE CAD422>U.LLIMBP>S .FEMALE.L.LEG YES
ENDIF
@ (  D UPLICATING  THE MASTER SHEET FOR U SAG E  <g>) 
/ @ V P A T N
STA NEX A TSH GOBC  
/@ V D A T
STA NEX A TDA GOBC  
/ @ V T IM
STA NEXA TOF GOBC  
@ E - ECH ON
@ [  THE M ODEL IS BEING SCALED. @ ]
@ E - ECH OFF
@ (  V A R IA T IO N A L  GEOM ETRY @ )
(5) (....BELOW V G  FOR X-SECTIONS &  SITE LENGTHS @ )  
PA R TO L  0.07 
TBL THIGH @ M RC1  
TBL AKNEE @M R C2  
TBL M KNEE @M RC3  
TBL BKNEE @ M RC4
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TBL M CALF  @ M R C5  
TBL ANK LE  @ M R C6  
TBL T IA K  @ M R L1  
TBL A K M K  @ M R L2  
TBL M K BK  @ M R L3  
TBL BKM C @ M R L4  
TBL M C A M  @ M R L5  
PARS  
@ E -E C H O N
@ [  EACH CROSS-SECTION IS BEING SMOOTHED. @ ]  
@ E - ECH OFF 
STA N E X A  LP1 
ED IL  V I  
FITL  
EN D L
STA N E X A  LP2  
ED IL  V I  
FITL  
EN D L
STA N E X A  LP3 
ED IL  V I  
FITL  
END L
STA N E X A  LP4  
ED IL  V I  
FITL  
EN D L
STA N E X A  LP5 
ED IL  V I
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FITL
E ND L
STA N E X A  LP6 
ED IL  V I  
FITL  
E ND L
STA N E X A  LP7 
ED IL  V I  
FITL  
E N D L
STA N E X A  LP8 
ED IL  V I  
FITL  
EN D L
STA N E X A  LP9 
ED IL  V I  
FITL  
EN D L
STA N E X A  LPO 
E D IL  V I  
FITL  
EN D L  
A L L  O N  
TEX O N  
REDRA  
@ [
@ E - ECH ON  
ENDRUN
6.5 L IM B .M AC R O
@E-ECH ON  
/***
/*** L -L IM B  M O D ELLIN G  M ACRO
j * * *
/*** Please W A IT   M O D E L L IN G  could take several minutes.
I** *
@E-ECH OFF
MACRO @VBASE$$>WORK>U.MACRO>MODELVIEW  
SAV  S .@ V PA T N  YES  
@E-ECH ON
6.6 L E G P L O T .M A C R O
<g>E-ECHON
/*** L -L IM B  PLOTTING  M AC R O  
/***
@E-ECH OFF 
L A Y  22/28 OFF  
L A Y  0 4 88 OFF  
REDRA
LET PS$ = <0.35>
MACRO M EDPLOTOORIGPLOT.CURR  
L A Y  24/28 O N  
L A Y  0 4 88 O N  
@E-ECH ON
